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This dissertation is presented as four chapters including two manuscripts.  Chapter 
one introduces the background and significance of this research.  Chapter four 
summarizes the main findings of this work and ties together the results from the two 
manuscripts.  The second chapter contains the manuscript entitled “Modeling Long-Term 
Host Cell-Giardia Interactions in an in vitro Co-culture System” published in PLoS One 
(December 2013).  The third chapter contains the manuscript “Giardia-induced Barrier 
Dysfunction Promotes Invasion of Parasite-derived Excretory-Secretory Products 
Capable of Inhibiting Macrophage Inflammatory Signaling” that is currently in 
preparation for submission to the journal, Infection and Immunity.  Both manuscripts are 
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The protozoan parasite, Giardia lamblia (syn. G. intestinalis, G. duodenalis) is a 
leading cause of pathogen-induced gastrointestinal disease throughout the world.  Upon 
Giardia colonization of the proximal small intestine, epithelial barrier dysfunction is 
induced through enterocyte apoptosis and disruption of the tight-junction protein 
complexes.  Intestinal barrier disruption promotes the translocation of luminal contents, 
including commensal bacteria and Giardia-derived excretory-secretory products (ESPs), 
into the mucosal tissue. In an attempt to elucidate the cellular mechanisms of giardiasis, 
we constructed a novel in vitro co-culture model of epithelial cells (Caco-2 cells) and 
macrophages (IC-21 cells) for evaluating long-term host-parasite interactions.  We show 
that epithelial cells secrete unique cytokines when co-cultured with macrophages and that 
Giardia is capable of abolishing these pro-inflammatory cytokines.  We employed the 
developed model to conduct a longitudinal assessment of Giardia-induced barrier 
dysfunction.  Our data indicate that enterocyte apoptosis, transepithelial resistance, and 
localization of the tight-junction protein, ZO-1, are impacted by 5 days of parasite 
interaction.  Secondary to the breakdown in barrier function, our studies highlight that 
Giardia ESPs that invade the lamina propria tissue are capable of suppressing bacterial-
activated inflammatory signaling cascades in macrophages.  The modulation of toll-like 
receptor (TLR) signaling occurs through TLR4-dependent decreased activation of IL-1 
receptor associated kinase-4 (IRAK-4).  Additionally, there is reduced activity of E. coli 
stimulated pro-inflammatory mitogen-activated protein kinases (MAPKs), p38 and JNK, 
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in macrophages exposed to Giardia conditioned medium.  Our findings indicate that 
Giardia can inhibit mobilization of the immune response by regulating macrophage 
signaling cascades.  Collectively, these data suggest that Giardia-induced barrier 
dysfunction may increase the pathogenesis of the parasite by promoting the translocation 
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Giardia lamblia (G. duodenalis, G. intestinalis) is a flagellated, unicellular 
parasitic protozoan that is a main cause of diarrheal disease throughout the world.  In the 
United States, 19,888 cases of giardiasis were reported in 2010 with outbreaks in 
industrialized nations often associated with consumption of untreated or treatment-
deficient drinking water (1, 2, 3), use of contaminated recreational water (4, 5), and child 
care facilities (6, 7).  Giardia occurrence is much higher in developing countries with 
prevalence rates between 20-30% (8).  In Rwanda, 60% of children less than 5 years of 
age tested positive for Giardia (9).  Due to its global distribution and significance, in 
2004, the World Health Organization (WHO) included Giardia lamblia on its ‘Neglected 
Disease Initiative’ which seeks to expand the knowledge of parasite biology, 
epidemiology, treatment, host-parasite interactions, and public health outcomes of 
intestinal parasites (10, 11). 
While attached to the epithelium of the small intestine Giardia induces disruption 
of the barrier function with infections lasting several days to weeks.  The increase in 
intestinal permeability associated with giardiasis results in translocation of luminal 
contents, including commensal bacteria, pathogens, and food antigens, into underlying 
tissues.  Despite the movement of diverse, immune-modulatory components into the 
lamina propria, for reasons yet to be fully elucidated, Giardia does not induce robust 
inflammation of the intestine.  It has been suggested that the parasite can modify the host-
immune response as a mechanism to evade detection and increase the likelihood of 
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maintaining an active infection.  While much work has been done on Giardia-mediated 
effects on epithelial cells, there is limited data on parasite interactions with host immune 
cells residing within the lamina propria.  
Hypothesis: Due to intestinal barrier dysfunction, Giardia lamblia excretory-
secretory products (ESPs) translocate into the lamina propria and attenuate 
macrophage activation.  To address this hypothesis, I have completed the following 
objectives: 1) constructed an in vitro co-culture model for assessing long-term Giardia-
host interactions, 2) defined the long-term mechanisms of barrier dysfunction observed 
during giardiasis, and 3) determined the effect of Giardia ESPs on macrophage 




Background and Significance 
Anatomy and physiology of small intestine 
The human gastrointestinal tract anatomically encompasses the esophagus, 
stomach, small and large intestines, and colon with the small intestine further divided into 
three sections; the duodenum, the jejunum, and the ileum.  Involved chiefly in digestion 
and absorption of nutrients, the small intestine is composed of four basic differentiated 
cell types, the absorptive enterocyte and three secretory cell types, paneth, goblet, and 
enteroendocrine cells (12).  The epithelium is structurally organized into crypts and villi 
with all cell types residing on the villi with the exception of paneth cells, which localize 
to the crypts.  Accounting for 80% of the small intestine, absorptive enterocytes are 
columnar epithelial cells covered with apical microvilli and are the site of nutrient 
digestion (13).  Paneth cells function in innate immunity by secreting lysozymes, 
antimicrobial peptides, and defensins while goblet cells secrete mucins that aid in 
expulsion of gut contents and protect against shear stress (14).  Together paneth and 
goblet cell secretions prevent adhesion of luminal bacteria to the epithelial barrier.  
Enteroendocrine cells make up a small portion of intestinal cells (~1%) and mainly 
function in secretion of hormones necessary for regulation of gastrointestinal motility 
(13).  
The epithelial cells comprising the human intestine are replenished every 4-5 
days; therefore, cells are constantly proliferating and differentiating from stem cells 
located in the intestinal crypts (14).  Goblet cells, enterocytes, and enteroendocrine cells 
undergo differentiation as they migrate up the villus.  Paneth cells, on the other hand, 
differentiate as they migrate down into the base of the crypts.  In the intestine, stem cell 
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phenotype and overall cell fate determination are maintained through two central 
signaling pathways, WNT and Notch.  The canonical WNT pathway through nuclear 
localization of β-catenin is the central factor in proper maintenance of the stem-cell 
proliferative phenotype in intestinal crypts (15, 16).  Although important in the migration 
of actively differentiating cells along the villus (15), with the exception paneth cells 
located in the crypt, WNT signaling is inactive in all terminally differentiated intestinal 
epithelial cells (16).  Notch signaling, on the other hand, is essential in determining 
absorptive vs. secretory cell fate and consequent differentiation (12, 15).  As the balance 
between cell proliferation and differentiation must be preserved in self-renewing tissues, 
there is considerable cross-talk between the WNT and Notch pathways in the intestine 
(15, 16). 
In accordance with all epithelia, the epithelial cells of the gastrointestinal tract 
maintain apical-basolateral cell polarity.  As the apical and basolateral surfaces carry out 
distinct physiological functions, each surface exhibits markedly different protein and 
lipid compositions (17, 18).  The apical surface is covered with microvilli and faces the 
intestinal lumen, where it is continuously exposed to the intestinal milieu of commensal 
microbiota, potential pathogens, and ingested nutrients.  The microvilli of the apical 
membrane are the site of digestion and nutrient adsorption in the intestine and are rich in 
digestive enzymes, such as peptidases and lactase, and transport proteins which aid in 
proper absorption of nutrients.  Conversely, the basolateral surface attaches to the 
basement membrane and faces the interior environment.  The basolateral membrane more 
closely resembles the membrane of non-epithelial cells and maintains the physiological 
functioning of the cell.  As the basolateral surface participates in signal transduction, 
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many receptors (insulin, epidermal growth factor, laminin, and parathyroid hormone) 
localize basolaterally in enterocytes (reviewed in 19). 
Cell membrane polarity is mediated through cell-cell junctions, most notably the 
tight junctions (TJs), which represent the structural boundary between apical and 
basolateral domains in an epithelial cell. Tight junctions form a secure seal between 
neighboring cells in the intestine to limit the paracellular diffusion of molecules and 
fluids across the epithelial barrier.  The tight junctional complex is comprised of three 
types of transmembrane proteins, occludin, the claudin family of proteins, and junctional 
adhesion molecules (JAMs).  Interaction and assembly of the membrane spanning 
proteins is mediated through scaffolding molecules located in the cytoplasm known as the 
zonula occludins (ZO-1, ZO-2, and ZO-3).  ZOs can bind both occludin and the claudins 
via PDZ domains while also acting as a scaffold for the actin cytoskeleton and signaling 
molecules (reviewed in 20, 21).  Breakdown of tight junction stability and altered 
intestinal permeability can occur in response to a number of environmental factors, 
including cytokines (22) and infectious pathogens (23) as well as pharmacological factors 
(24).  
Along with tight junctions, the connection between neighboring epithelial cells is 
mediated through several other junctional structures, including gap junctions, 
desmosomes, and adheren junctions.  Structurally located just beneath tight junctions, the 
adheren junctions are composed of two adhesive units, the nectin-afadin complex and the 
cadherin-catenin complex (21) and are also involved in cell-cell adhesion.  Both gap 
junctions and desmosomes can be found dispersed throughout the epithelial cell 
membrane.  Transmembrane proteins known as connexons, which structurally resemble 
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the claudins and occludin, constitute gap junctions to form channels between epithelial 
cells for communication purposes.  Allowing for passive diffusion across the channel, 
gap junctions are relatively non-specific and permit the movement of molecules smaller 
than 1000 Da (reviewed in 25).  Desmosomes are composed of two major glycoproteins, 
desmocollins and desmogleins.  Desmosomes provide anchoring sites for intermediate 
filaments of the cytoskeleton and primarily function in cell-cell adhesion (reviewed in 
26).  Together, these cell-cell junctions provide tissue stability and maintain the cell 
shape and intra-cellular signaling networks necessary to carry out the physiologic 
functions of the intestine. 
Gastrointestinal immunity  
With the average adult intestine measuring 22 feet in length and compassing 
approximately 400 square meters of surface area, the human gastrointestinal tract 
constitutes the largest surface barrier of the human body.  Physically separating the 
luminal contents from internal tissues, the intestinal epithelial barrier represents the first-
line of defense against enteric pathogen invasion.  The apical surface of the intestinal 
epithelium prevents pathogen attachment and invasion through the expression of 
microvilli with a brush-border glycocalyx (27), and by the secretion of numerous 
products, including mucins, antimicrobials, and secretory IgA (reviewed in 28).  In 
addition to maintaining the integrity of the barrier function, epithelial cells are essential in 
inducing the mucosal immune response by acting as nonprofessional antigen presenting 
cells (27) and by secreting an array of chemokines and cytokines to defend against 
pathogens (29).  
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Positioned below the single-layered epithelial barrier, the gastrointestinal immune 
system is collectively referred to as gut-associated lymphoid tissue (GALT). GALT is 
charged with the tasks of inducing immune responses against pathogens that invade the 
gut epithelium as well as maintaining tolerance against benign antigens, such as 
commensal bacteria and food products (reviewed in 27).  This region of the small 
intestine comprises both the lamina propria and specialized regions of lymphoid tissue 
known as Peyer’s Patches.  Located in the ileum of the human small intestine, Peyer’s 
Patches are located below special antigen sampling cells of the epithelium, M cells.  M 
cells sample the luminal contents and present these antigens to immune cells located in 
Peyer’s Patches, which can mount an immune response if a potential threat is detected 
(30).  The area surrounding Peyer’s Patches in the ileum and the basement tissue below 
the epithelial cells throughout the entire small intestine is termed the lamina propria.  The 
lamina propria houses a reserve of immune cells, including T cells, B cells, dendritic 
cells, macrophages, and mast cells, which can respond to invading pathogens that cross 
the epithelial barrier to induce the immune response.  Dendritic cells located in the 
lamina propria form tight junctions with the intestinal epithelium.  This allows for the 
sampling of luminal contents, which can then be presented to other immune cells to 
determine potential threats (31).   
Each day, the gastrointestinal immune system is presented with numerous and 
diverse antigens from commensal bacteria, ingested food particles, and prospective 
pathogens.  To maintain tissue homeostasis in a milieu of immune-stimulatory antigens, 
the intestinal immune system induces mucosal tolerance by down regulating expression 
of pathogen recognition receptors on epithelial cells (32), decreased expression of co-
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stimulatory molecules on innate immune cells (33), inhibition of inflammatory signaling 
pathways (34), and secretion of anti-inflammatory cytokines, such as transforming 
growth factor beta (TGFβ) and Interleukin-10 (IL-10) (35).  The mucosal immune system 
must be able to discriminate innocuous antigens or bacteria from potentially infectious 
agents.  Recognition of potential pathogens and maintenance of tissue homeostasis is 
mediated through activation of pathogen recognition receptors, such as the toll-like 
receptors (TLR) or Nod-like receptors (NLR).  Together, these receptors provide 
protection against improper inflammatory responses to harmless agents and epithelial 
injury (36, 37) while also inducing immune responses to invading pathogens (38).  The 
dysregulation of pattern recognition receptor expression and/or signaling is often 
associated with intestinal inflammatory disorders, such as irritable bowel disease and 
Crohn’s disease (39, 40). 
Giardia lamblia biology  
Giardia is placed in the phylum Sacromastigophora and class Zoomastigophorea, 
along with the other human parasites, Trypanosoma, Leishmania, Trichomonas, and 
Diemtamoeba.  There are currently six recognized Giardia species: G. lamblia 
(mammals), G. agilis (amphibians), G. muris (rodents), G. ardeae (birds), G. psittaci 
(birds), and G. microti (rodents) (41).  Based on DNA sequence analysis and host 
specificity, G. lamblia is subdivided into seven distinct genotypes known as assemblages 
(assemblages A-G) with each individual assemblage containing several subtypes (41, 42).  
Of the seven G. lamblia assemblages known to infect mammals, only assemblages A and 
B infect humans along with a wide range of other animals, including cats, dogs, beavers, 
cattle, and deer.  Currently there is much debate over whether these assemblages are 
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genotypic variations of the same species or represent different species altogether.  Indeed, 
the genetic distance between assemblages A and B is at the same level as that separating 
the other Giardia species, arguing that these assemblages should actually be considered 
distinct species (reviewed in 41, 43).   
Giardia is a primitive eukaryotic organism with most phylogenetic analyses 
placing the protozoan at the base of the eukaryotic tree (44, 45, 46).  Nevertheless, 
Giardia exhibits some distinctive prokaryotic features, including bacterial-like metabolic 
enzymes, a prokaryotic small ribosomal subunit, and non-capped messenger RNA 
(mRNA).  The parasite also lacks typical mitochondria, peroxisomes, and a true Golgi 
apparatus (reviewed in 47).  The presence of both eukaryotic and prokaryotic features in 
the parasite makes Giardia a model organism for studying the evolution of core cellular 
processes across the eukaryotic domain.  Giardia has been used to study the evolution of 
RNA transcription machinery (48), signal transduction kinases (49), the endoplasmic 
reticulum (50), actin (51), alpha-tubulin (52) subunits in cytoskeletal filaments, histone 
structure (53), and protein trafficking (54) in Eukarya.     
Trophozoite structure encompasses two membrane-bound nuclei, a well-defined 
cytoskeleton (55), and an endomembrane system composed of an endoplasmic reticulum 
(ER) and lysosome-like peripheral vacuoles (56).  The bi-nucleate organism contains two 
identical nuclei each composed of five chromosomes ranging in size from 1.6 to 3.8 Mb 
(57) with vegetative trophozoites cycling between a 4N and an 8N genome ploidy (58).  
The two nuclei are replicated synchronously (57), are both transcriptionally active (59), 
and retain a low degree of heterozygosity (57).  The parasite also has a unique degenerate 
mitochondrial organelle known as the mitosome.  Although the mitosome lacks 
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organellar DNA and components of the electron transport chain, the double-membrane 
bound organelle has some mitochondrial features, including conservation of protein 
import machinery (60) and iron-sulfur cluster assembly (61).       
Giardia pathology and immunology 
Common modes of Giardia infection include direct fecal-oral routes through 
person-to-person contact and ingestion of cyst-contaminated drinking water and food 
(11).  The relatively small infective cysts can remain viable in the environment for 
prolonged periods of time (62) and have a low infectious dose (63).  Once in the stomach, 
the acidic environment induces cysts to undergo excystation and enter the active life 
stage as a trophozoite.  Trophozoites have eight flagella arranged in four pairs, which are 
used for locomotion (55) during colonization.  Trophozoites predominately inhabit the 
mid-jejunum of the upper small intestine using a ventral adhesive disc for mechanical 
attachment to the gastrointestinal epithelium.  Once in the small intestine, parasites 
replicate asexually by binary fission.  Trophozoites that move to distal portions of the 
intestine are exposed to decreased cholesterol concentrations and increased bile 
secretions leading to encystation of trophozoites (reviewed in 47).  The flagella and 
adhesive disk disintegrate and are stored as fragments (55) while a thick cell wall 
encloses the cyst to protect it from environmental elements (64).  The newly formed cysts 
are passed in feces where they are capable of infecting a new host and continuing the 
parasite life-cycle (Figure 1) (reviewed in 8). 
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Figure 1. Giardia lamblia life cycle.  Infective cysts contaminate food and water sources 
(1) and are ingested by a susceptible host (2).  Cysts undergo excystation in the stomach 
and enter the small intestine as trophozoites.  Trophzoites attach to the gastrointestinal 
epithelium and reproduce via binary fission (3).  Trophozoites migrate to distal portions 
of the intestine (4) and are induced to become cysts (5).  Cysts, along with trophozoites, 
are passed into the environment through defecation, where they can infect new hosts and 
complete the parasite life cycle.  (Image adapted from the CDC-DPDx) 
 
 
Giardia infections feature a wide range of symptom presentation in infected hosts 
with the majority remaining asymptomatic and exhibiting few signs and symptoms of 
infection.  Other infected individuals display abdominal cramping, nausea, bloating, 
weight loss, vomiting, malabsorption, and acute or chronic diarrhea (Reviewed in 65).  
Much work has been done to elucidate the mechanisms of symptom variation, including 
parasite load (66), Giardia assemblage present in the infection (66, 67, 68), antigenic 
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variation in the parasite (69), infectious dose (63), and host immune status (70).  In 
addition, it has been suggested that Giardia exposure in early childhood leads to 
asymptomatic infections later in life when reinfected with the parasite (70, 71).  
Currently, it is thought that the clinical manifestation of the disease is multifactorial, 
including host age, diet, immune status, previous exposure, Giardia isolate present, and 
occurrence of co-infections of the intestine with other enteric pathogens.   
The underlying cellular and molecular mechanisms of Giardia pathogenesis have 
yet to be elucidated.  Giardia parasites strongly adhere to the intestinal epithelium and 
disturb the absorption and digestion functions of enterocytes by decreasing brush-border 
enzyme activity (72) and shortening the brush-border microvilli (73, 74).  Impaired 
absorption of nutrients and electrolytes increases water and chloride ion intake into the 
intestinal lumen, and thereby, induces peristalsis of the intestine, which ultimately, leads 
to associated diarrheal episodes.  Giardia trophozoites further disrupt the epithelial 
barrier function by inducing apoptosis of epithelial cells (75, 76), reducing cell 
proliferation gene expression (77), and disorganizing the tight-junction protein complexes 
(76, 78) leading to hyper-permeability of the intestinal epithelium.  
Despite the breakdown in barrier function, Giardia infections do not cause overt 
inflammation of the intestinal epithelium (79) except in cases of chronic infection (70).  
The lack of inflammation is significant, as other intestinal parasites lead to a very robust 
inflammatory response of the intestinal tissue as observed in Entamoeba histolytica (80, 
81) and Cryptosporidium parvum (82) infections.  It is hypothesized that Giardia controls 
the immune system inflammatory response as a mechanism to evade host detection and 
increase the likelihood of maintaining an active infection.  The parasite undergoes 
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antigenic variation, where it continuously changes expression of its variant-specific 
surface protein approximately every 6-13 generations as a mechanism to escape the host 
immune response (83).  Modulations of host immune effector functions during giardiasis 
have also been described.  The reactive oxygen species, nitric oxide (NO), is an important 
effector molecule produced by nitric oxide synthase (NOS) in many cells types as part of 
the innate immune response.  In vitro, nitric oxide has a cytotoxic effect on trophozoites 
and can also prevent encystation-excystation of the parasite (84).  Giardia circumvents 
the downstream detrimental effects of nitric oxide by decreasing the expression of NOS 
in intestinal epithelial cells (85), thus, decreasing the overall concentration of nitric oxide.  
In addition, Giardia alters dendritic cell function by decreasing pro-inflammatory 
cytokine secretion while up regulating anti-inflammatory cytokines (86) and modifying 
the expression of stimulatory surface markers (87, 88).  Serving as the professional 
antigen presenting cells of the innate immune system, obstructing dendritic cell effector 
actions disrupts T-cell activation and mobilization of the adaptive-immune response. 
The majority of Giardia infections are self-limiting with infected individuals 
usually clearing the parasite within a few weeks.  This suggests that parasite-induced 
immunosuppression is attenuated by the host immune response at some point during 
active infection.  At least part of the immune reaction appears to involve adaptive 
responses as there seems to be some memory involved in Giardia immunity (89), and 
mouse models have revealed the importance of T-cells in parasite clearance (90).   
Generally, an infection with enteric pathogens induces the expression of cytokines 
from both epithelial cells of the intestine and neighboring immune cells in the lamina 
propria.  Cytokines are important in determining the type of adaptive immune response 
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initiated while also advancing the innate response (91); however, little is known about 
these processes in giardiasis.  Interleukin-6 (IL-6) (92) and tumor necrosis factor alpha 
(TNF-α) (93, 94, 95) have been demonstrated to be important in the host immune 
response against Giardia.  In addition, epithelial cells secrete cytokines when exposed to 
Giardia indicating a recruitment of innate immune cells to the intestinal environment 
during infection (77). Most notably absent in Giardia infections is IL-8, the key cytokine 
of inflammation, which could explain the lack of tissue inflammation during infection 
(77).  To date, it is not clear how the parasite alters the immune response through 
cytokine modulation to evade detection.      
Objective 1: Construct an in vitro co-culture model for assessing long-term Giardia-
host interactions. 
Much of what is currently known about giardiasis comes from in vitro 
experiments or animal models of disease.  Single host-cell populations typically lack the 
complex inter-cellular signaling dynamics required to develop proper cell phenotypes like 
those observed in situ; therefore, mechanisms of disease pathology and immune response 
may differ in actual Giardia infections.  Conversely, data gathered from in vivo mouse 
models of Giardia require careful interpretation as mice differ from humans in intestinal 
anatomy (96) and immunology (97, 98).  Many studies have used Giardia muris, which is 
not likely to model human giardiasis as a different species and host are utilized (99).  
Furthermore, mice exhibit different intestinal bacterial flora both from humans and 
between different laboratories, which has been shown to affect colonization of the 
parasite (100).  Indeed, some of the disparities in disease manifestation and infection time 
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course may be attributed to the unique microbiome profiles of different individuals.  
Together, these data argue for a better model to study Giardia-host interactions.    
The use of multi-cell populations has become an increasingly popular method to 
model human diseases in vitro (101, 102).  Co-culture environments better represent the 
complexity of cell communication networks observed in human tissues, which allows the 
development of appropriate cell phenotypes and responses (103, 104).  One of the 
principle limitations in determining Giardia-host interactions has been the problematic 
nature of prolonged in vitro culturing of the parasite with host cells.  As Giardia 
infections in humans persist for several days to weeks, it is vital to evaluate how host 
responses potentially vary over an interval of several days from initial colonization to 
parasite clearance.    
The first part of this project was to design and optimize an in vitro co-culture 
model of human intestinal epithelial cells and peritoneal macrophages to better represent 
cell-cell communication networks observed in the intestinal environment.  Using 
transwell inserts, the model maintains proper apical-basolateral orientation of the human 
intestine and allows for assessing epithelial cell-macrophage crosstalk during Giardia 
infection (Chapter 2, Figure 1). Both parasites and epithelial cells were found to be viable 
in a media combination of 90% DMEM/ 10% Giardia medium (Chapter 2, Figures 2-5).  
At five days in culture, the developed model was characterized with regards to the effect 
of Giardia on epithelial cell number (Chapter 2, Figure 7), induction of apoptosis through 
caspase-3 activation (Chapter 2, Figure 8), and cytokine secretion (Chapter 2, Figure 9).  
Altogether, the model was cultured over the course of 21 days, which recapitulates the 
time course of infection in vivo.  Over the 21 day time course, we evaluated the integrity 
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of the epithelial cell monolayer (Chapter 2, Figure 10) and parasite proliferation and 
survival (Chapter 2, Figures 9 & 10).  Currently this is the only in vitro model available 
for prolonged studies of Giardia-host interactions.    
Objective 2: Using the developed in vitro model, define the long-term mechanisms of 
barrier dysfunction observed during giardiasis. 
Altered intestinal permeability during giardiasis is characterized by increased 
macromolecular uptake (105), hypersecretion of chloride (99, 106), and malabsorption of 
glucose, sodium, and water (106).  The overall breakdown in epithelial barrier function is 
attributed to increased epithelial cell apoptosis and disruption of cell-cell junction 
complexes.  Expression of tight junctions in the epithelium prevents the paracellular 
dispersal of microorganisms across the barrier, and disruption of these intercellular 
junctions is the invasion mechanism of many enteric pathogens, including 
enteropathogenic Escherichia coli (107), Campylobacter jejuni (108), Entamoeba 
histolytica (109), and Shigella flexneri (110).  Studies into Giardia-induced tight junction 
disruption indicate decreased expression of claudin-1 (99) and altered distribution of the 
tight-junction scaffolding protein, ZO-1, from the cell apical membrane to a cytoplasmic 
localization (111, 112).  Relocalization of ZO-1 by Giardia occurs through activation of 
the myosin light chain kinase (113) leading to contraction of the actin cytoskeletal 
microfilaments (114).  In addition to the tight-junctions, Giardia further exacerbates 
barrier function by disrupting other cell-cell junctional complexes, the desmosomes and 
adheren junctions (111).   
Using the developed long-term model, we wanted to further explore the 
mechanisms of barrier dysfunction observed in giardiasis with particular interest in how 
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barrier disruption may vary from initial parasite invasion to peak trophozoite 
colonization.  A longitudinal analysis of the epithelial barrier during Giardia interaction 
may determine if the breakdown in barrier function is dependent on time and/or parasite 
density.  Epithelial cell barrier function was evaluated over the course of 13 days using 
transepithelial electrical resistance (TEER) measurements (Chapter 3, Figure 1).  
Additionally, the specific effect of Giardia on tight-junction ZO-1 disruption was 
assessed by immunofluorescent confocal microscopy analysis over a 5 day time course 
(Chapter 3, Figure 2).  
Objective 3: Determine the effect of Giardia secretory-excretory products on 
macrophage signaling pathways and effector functions. 
In the gastrointestinal tract, resident macrophages are found in the lamina propria, 
and represent the largest pool of tissue macrophages in the body.  Gut macrophages are 
generally considered immunologically anergic (reviewed in 115, 116); however, 
macrophage populations are exceptionally heterogeneous and capable of exhibiting 
diverse phenotypes and effector functions (117).  Newly recruited monocytes to the 
mucosa initiate robust inflammatory activities following bacterial translocation into the 
lamina propria (115) and resident macrophages may exhibit inflammatory phenotypes 
following barrier disruption (118).  Currently, there is limited information on the role of 
macrophages during human Giardia infections.  The effector functions of activated 
macrophages, such as cytokine secretion, are critical in determining the type and the 
magnitude of the immune response.  Therefore, understanding how macrophages 
contribute to Giardia pathology would greatly expand the knowledge on the molecular 
mechanisms of the disease.   
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Macrophages phagocytose trophozoites in vitro (119) and in infected mice (120); 
however, phagocytosis alone probably does not contribute greatly to parasite control 
and/or clearance as macrophages do not infiltrate the intestinal lumen during Giardia 
infection (121).  Furthermore, Giardia trophozoites do not invade host tissues arguing 
that parasite-macrophage interactions transpire through secreted proteins, such as 
cytokines or parasite-derived products.  Preliminary work suggests that parasite-derived 
products may influence macrophages in some manner.  Giardia conditioned medium 
quickly induced AKT and p38 signaling pathways in macrophages within 5 minutes of 
interaction (Chapter 3, Figure 3). Although the downstream consequences of these 
activating signals are not known, the temporal context of activation does not suggest an 
inflammatory immune response.  As Giardia-induced immune suppression has been 
suggested (86, 88), we postulate that secretory-excretory constituents of Giardia are 
capable of suppressing macrophage inflammatory activities.    
Toll-like receptors (TLRs) are a family of pathogen recognition receptors that 
recognize a diverse, highly conserved suite of pathogen-associated molecular patterns.  
TLR signaling is essential in immune mobilization and ultimately induces the secretion of 
pro-inflammatory cytokines and recruitment of immune cells to infected tissues.  Upon 
stimulation, receptor dimerization leads to downstream activation of IL-1 receptor-
associated kinase-4 (IRAK-4).  The subsequent signaling cascade leads to the direct 
activation of two major inflammatory signaling pathways: NF-κB and the mitogen-
activated protein kinases (MAPKs), p38 and JNK (reviewed in 122).  Manipulation of 
TLR signaling as a mechanism to evade the host-immune response has long been 
recognized in many parasitic protozoa, including Toxoplasma gondii and Leishmania 
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mexicana (Reviewed in 123).  Work in Giardia indicates modulation of TLR4 and TLR2 
responses in dendritic cells; however, the mechanism of action is yet to be elucidated and 
it is not known if similar events occur in macrophages.  Many studies have evaluated the 
effect of Giardia-derived secretory-excretory products on host immunity (124, 125, 126) 
with particular interest in parasite released cysteine proteases (127, 128).  We 
hypothesize that Giardia secreted factors may modify host signaling pathways in 
macrophages as a mechanism to thwart immune activation.  Using gram-positive and 
gram-negative bacteria as TLR agonists, the activation of IRAK-4 was evaluated in the 
presence of Giardia conditioned medium.  Giardia specifically decreased IRAK-4 
activation through TLR4, but not TLR2 (Chapter 3, Figures 5 & 6).  Furthermore, the 
activation of pro-inflammatory signaling mediators, p38 and JNK, was significantly 
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MODELING LONG-TERM HOST CELL-GIARDIA LAMBLIA INTERACTIONS 
IN AN IN VITRO CO-CULTURE SYSTEM 
Introduction 
Giardia lamblia, also known as G. intestinalis or G. duodenalis, is one of the 
most common intestinal protozoan parasites in humans, wildlife, and domestic animals.  
Primarily transmitted through drinking water contaminated with parasite cysts [1] more 
than one billion people were at risk for contracting Giardia in 2000 [2].  Infections are 
particularly high in developing countries with inadequate water treatment facilities [3], in 
child care centers [4], and in immunocompromised individuals [5].  Due to its global 
distribution and significance, in September 2004, the World Health Organization (WHO) 
included Giardia lamblia on its ‘Neglected Disease Initiative’ in an effort to resolve 
long-standing questions on parasite biology, epidemiology, treatment, and host-parasite 
interactions [1,6].  
A hallmark feature of Giardia infections is the wide range of symptom 
presentation.  The majority of infected individuals exhibit few signs and symptoms of 
infection.  Other hosts display abdominal cramping, nausea, bloating, weight loss, 
vomiting, malabsorption, and acute or chronic diarrhea (Reviewed in [7]).  Despite the 
clinical variation of giardiasis in active trophozoite infections, giardiasis does not cause 
overt inflammation of the intestinal epithelium [8] except in cases of prolonged disease 
[9].  Much work has been done to identify the underlying cause(s) of symptom variation, 
including parasite load [10], Giardia assemblage associated with the infection [11,12], 
antigenic variation in the parasite [13], infectious dose [14], and host immune status [9].  
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Currently, it is thought that a multitude of factors lead to the clinical manifestations of the 
disease. 
Although the symptoms associated with Giardia infections have been well 
documented, the underlying cellular and molecular mechanisms leading to disease are not 
well understood.  Epithelial cells exposed to Giardia exhibit increased expression of 
stress response genes, decreased proliferative gene expression [15], actin rearrangement 
[16], tight junction disruption [17], increased intestinal permeability [17,18], and 
apoptosis [18,19].  Additionally, when exposed to the parasite in vitro, epithelial cells 
secrete cytokines that are chemotatic for immune cells, including macrophages [15].  
Recruitment of macrophages to the site of infection suggests that these cells have a 
function during parasite control and/or clearance.  Mice infected with Giardia muris 
exhibit decreased recruitment of inflammatory cells to the peritoneal cavity and 
macrophages isolated from infected animals have reduced chemotatic responsiveness 
[20], but retain the ability to phagocytose trophozoites [21-23].  However, in human 
giardiasis, it is unclear how macrophages respond to cytokines secreted from epithelial 
cells during infection and subsequently modulate the host immune response.   
Most of the studies modeling Giardia-host interactions have involved animal 
models and in vitro monolayer co-culture experiments.  In addition to the cost and ethical 
issues involved in employing animal models, the species specificity of Giardia lamblia 
makes animal studies problematic. Studies utilizing Giardia muris to infect mice are not 
likely to accurately represent human giardiasis as both a different host and Giardia 
species are used [17] and there are important differences between mouse and human 
immunity (reviewed in [24]). Additionally, different mouse strains have yielded 
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disparities in parasite control and clearance [25,26] and colonization of the parasite is 
dependent on the gut microflora of the host, which can differ between laboratories [27].  
Together these data indicate that the mechanisms of immune control during giardiasis 
may differ substantially between humans and mice.   
In vitro cell models have yielded valuable insight into disease pathology, 
immune-regulatory mechanisms, and underlying signaling pathways; however, these 
monolayer co-culture assays do not accurately reflect the three-dimensional nature of the 
gastrointestinal tract and the complex intracellular communication in host tissue [28].  To 
further expand the knowledge of cellular signaling and immune mechanisms during a 
Giardia infection, a better understanding of cell-cell interactions in the gut during 
infection is paramount. We developed a co-culture system of the gastrointestinal tract 
which serves as an intermediate between simplistic monolayer co-culture in vitro studies 
and dynamic in vivo biological processes (Reviewed in [29]).  This model will facilitate 
the understanding of cell-cell interactions during infection and the variability of 
symptoms associated with giardiasis in the host.  
Materials and Methods 
Cell culture 
A human colonic adenocarcinoma cell line, Caco-2 cell clone C2BBe1 [30], was 
obtained from the American Type Culture Collection (CRL-2102).  Caco-2 cells 
(passages 57-72) were cultured at 37°C, 5% CO2 in Dulbecco’s Modified Eagle’s 
medium (DMEM; Cellgro, Manassas, VA) supplemented with 10%  fetal bovine serum 
(FBS) (Life Technologies, Grand Island, NY), 100 U/ml penicillin, and 100 μg/ml 
streptomycin.  Cells were fed every third day and passed using 0.025% trypsin with 0.22 
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mM EDTA when ~80-90% confluent.  IC-21 cells [31], a murine peritoneal macrophage 
cell line, were obtained from Dr. Richard Smith (University of Tennessee Health Science 
Center, Memphis, TN).  IC-21 cells were maintained in RPMI-1640 supplemented L-
glutamine (Cellgro, Manassas, VA), 10% FBS, 100 U/ml penicillin, and 100 μg/ml 
streptomycin.  Cells were fed every other day and passed when confluent using Hanks 
Balanced Salt Solution (HBSS).   
Parasites 
Giardia lamblia strain WB clone C6 was obtained from the American Type 
Culture Collection (#50803).  Parasites were grown in filter sterilized modified TYI-S-33 
medium with 10% adult bovine serum and 0.05% bovine bile at 37°C in microaerophilic 
conditions and subcultured when confluent [32].  To collect parasites for experiments, the 
medium was removed from the culture to eliminate unattached or dead parasites.  The 
tube was refilled with cold, sterile medium and trophozoites detached by chilling on ice 
for 15 minutes.  Parasites were collected by centrifugation (1500 x g for 5 minutes at 4 
°C) and washed once with the plating medium of 90% complete DMEM/ 10% Giardia 
medium.  Parasites were then counted using a hemocytometer and diluted to the 
appropriate number. 
Co-culture model  
IC-21 cells were plated on the bottom of a 0.4 μm translucent polyethylene 
terephthalate (PET) membrane cell culture insert (BD Falcon, San Jose, California, 
catalog number 353095) in complete RPMI (RPMI supplemented with FBS, 100 U/ml 
penicillin, and 100 μg/ml streptomycin) at 500,000 cells/ml.  Briefly, 3 inserts were 
placed upside down per well containing 1 ml HBSS in a 6 well plate and the bottom of 
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the insert coated with 60 μl of the cell suspension.  The macrophage coated inserts were 
covered with the plate lid, and allowed to adhere overnight at 37°C and 5% CO2.  The 
next day, each insert was placed in 800 μl medium (Figure 1) in a 24-well plate (Corning 
Life Sciences, Corning, NY, catalog number 3524).  The top of the insert was seeded 
with 250 μl Caco-2 cells at 600,000 cells/ml in complete DMEM (DMEM supplemented 
with FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin) (Figure 1).  The co-culture 
was incubated at 37°C and 5% CO2 for 72 hours, then the Caco-2 cell media was 
removed and replenished with a combination of 90% complete DMEM/ 10% Giardia 
medium plus or minus Giardia trophozoites (100,000 total parasites/insert).  All wells 
were filled to the top with additional 90/10 medium, then sealed with a round cover-slip 
and incubated at 37°C and 5% CO2.  For the first 5 days, cells were fed by removing half 
of the media (~500 μl) and adding fresh media to the well and insert every other day.  
After 5 days, unattached parasites were eliminated by completely removing all the media 
and replenishing with fresh media every day.  Control co-cultures were maintained in a 
separate plate to prevent parasite contamination.  Control inserts were inspected daily 
under the microscope to ensure there was no Giardia cross contamination. Once 
incubation time was complete, parasites were removed using 10 μM formononetin as 
described previously [33].  Briefly, the culture media was removed from the insert and 
replenished with 1 ml of 10 μM formononetin in DMEM.  Inserts were incubated at 37 
°C for 5 minutes and then gently washed three times with PBS.  The detached parasites 





Figure 1.  Co-culture system.  Caco-2 cells are grown on the upper surface of 24-well 
inserts in complete DMEM (DMEM supplemented with 10% FBS, 100 U/ml penicillin, 
and 100 μg/ml streptomycin).  IC-21 macrophages are plated at on the bottom of the 
inserts in complete RPMI media (RPMI supplemented with 10% FBS, 100 U/ml 
penicillin, and 100 μg/ml streptomycin).  After 72 hours, Giardia trophozoites are added 
to the inserts in 90% complete DMEM with 10% Giardia media.  Control inserts receive 
only the combination medium.  Inserts are filled to the top with media and sealed with a 








Effect of formononetin treatment on signaling in Caco-2 cells   
Lauwaet et al [33] used the isoflavone formononetin to rapidly detach Giardia 
from intestinal cells.  Prior to utilizing this method, its effect on Caco-2 cell pro-apoptotic 
and proliferative signaling was assessed.  Caco-2 cells were plated at 60,000 cells/ml in 
96-well plates and cultured for 3 days to confluence.  Formononetin (Acros 
Organics/ThermoFisher, Waltham, MA) was added at 10 μM and 40 μM final 
concentrations for 5 minutes. The Caco-2 cell layer was washed 3 times with PBS and the 
effect of formononetin treatment on MAPK signaling involved in proliferation (ERK) 
and stress responses (p38 and JNK) were assessed using the PACE assay as described 
below.  The data of four experiments assayed in triplicate are reported as percent change 
over control (Caco-2 cells not exposed to formononetin) ± SEM.  
Phosphospecific antibody cell-based ELISA (PACE)  
MAPK activity was measured as described in [34].  Briefly, cells were treated as 
described in each figure legend, then washed once with cold PBS and fixed in 4% 
formaldehyde. Endogenous peroxides were quenched with 0.6% hydrogen peroxide, and 
plates blocked for 1 hour in either 5% milk in PBS-0.1% Triton X-100 (PBS-T) for ERK 
measurements or 5% BSA in PBS-T for p38 and JNK measurements.  Cells were 
incubated at 4 °C overnight in primary antibodies [anti-phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) rabbit monoclonal antibody (1:8,000),  anti-phospho-p38 MAPK 
(Thr180/Tyr182) mouse monoclonal antibody (1:1000) or anti-phospho-SAPK/JNK 
(Thr183/Tyr185) mouse monoclonal antibody (1:1,000); Cell Signaling Technology, 
Danvers, MA].  Assays were developed using a peroxidase-conjugated goat anti-rabbit 
antibody for ERK (1:1,000) and peroxidase-conjugated goat anti-mouse for p38 (1:1,000) 
37 
 
and JNK (1:500), and 1-Step Ultra-TMB ELISA (Fisher Scientific).  The reaction was 
stopped with 2M H2SO4 and the absorbance was read at 450 nm using a Bio-tek 
Instruments ELX 808 Ultra Microplate Reader (Winooski, VT).  The experimental values 
were compared to basal values and plotted using GraphPad Prism software (La Jolla, 
CA).  Positive controls for ERK signaling were obtained by stimulating cells with 
epidermal growth factor (EGF) (PeproTech, Rocky Hill, NJ) (100 ng/ml) for 15 minutes 
while positive controls for p38 and JNK were obtained by incubating cells with D-
sorbitol (Sigma-Aldrich, St. Louis, MO) (300 mM) for 15 minutes.   
Microscopy   
Live images of the co-culture were obtained for day 1, 5, 13, and 21 using a 
Nikon Eclipse TS100 microscope with the Nikon Digital Sight camera.  At 5, 13, and 21 
days, the Caco-2 monolayer on the both the control and parasite exposed inserts was 
stained with crystal violet.  Briefly, following Giardia removal, the cell monolayer was 
fixed in 4% formaldehyde for 30 minutes.  The monolayer was gently washed three times 
with PBS and then stained for 30 minutes in 4% crystal violet.  The stained monolayer 
was decolorized in water and then imaged.  Images of Giardia trophozoites removed 
from the model were also obtained.   
 Caco-2 cell activation in media mixes 
Caco-2 cells plated at 60,000 cells/ml were grown on 96-well plates for 3 days to 
reach confluence in 100% complete DMEM.  The medium was then removed and 
different media mixes composed of 100%/0%, 90%/10%, and 75%/25% complete 
DMEM to Giardia medium were added.  Changes in signaling were assessed 24 and 48 
hours later using phosphospecific antibody cell-based ELISAs (PACE) as described 
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above.  Data are reported as the fold change in signal when compared to the control of 
100% DMEM ± SEM assayed four times in triplicate.    
Caco-2 cell viability in media mixes  
Caco-2 cells were plated at 60,000 cells/ml in 24-well plates and cultured to 
confluence in 100% complete DMEM.  The medium was then replaced with the different 
media mixes and cell viability was assessed over the course of 7 days using trypan blue 
staining.  Briefly, the cell monolayer was treated with trypsin to obtain individual cells.  
The cells were collected by centrifugation and resuspended in 500 μl warm PBS with 
0.04% trypan blue.  Cells were immediately imaged and the number of trypan blue 
positive cells was compared to the total number of cells to obtain the percent viability.  
Each replicate was imaged three times and the average calculated.  Values are reported as 
the percent change when compared to 100% DMEM ± SD.  For morphology assessment, 
Caco-2 cells were plated on 8-chamber glass culture slides (BD Falcon) at 60,000 
cells/ml and grown until confluent (~5 days) in 100% complete DMEM.  The medium 
was then removed and replenished with the different media mixes and microscopy 
images obtained at 1, 2, and 5 days.   
Giardia viability in 90/10 media mix  
Caco-2 cells were seeded in a 24-well plate at 100,000 cells/ml in complete 
DMEM.  Once confluent, Giardia trophozoites were added at 50,000, 100,000, and 
300,000 parasites/cm² in 90% complete DMEM/10% Giardia medium.  At 24 and 48 
hours, images were obtained a Nikon Eclipse TS100 microscope.  Parasites were 
detached from the Caco-2 cells by adding ice cold PBS to the well and incubating on ice 
for 10 minutes.  Parasites were collected by centrifugation and then counted using a 
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hemocytometer.  Data are reported as the number of parasites per square centimeter as 
determined by three counts each of three independent replicates. 
Cell number assay   
Co-cultures were plated as previously described.  Giardia trophozoites, added at 
100,000 parasites/insert, were incubated in the system for 5 days and removed using 10 
μM formononetin for 5 minutes.  The Caco-2 cell layer was gently washed 3 times with 
PBS and cell number was assessed using a modified methylene blue assay [35].  Briefly, 
cells were incubated with 100 μl methylene blue solution (4% formaldehyde /0.6% 
methylene blue in HBSS) for 60 minutes at 37 °C.  After 3 rinses with deionized water, 
the inserts were air-dried.  Color was eluted by adding 200 μl elution buffer (50% 
ethanol, 1% acetic acid in PBS) and incubating the plate for 15 minutes on a plate rotator.  
The eluted color was transferred to a 96-well plate and absorbance was read at 595 nm.  
A standard curve was established by plating Caco-2 cells in 24-well plate (0.25 – 3 x 
10⁵), incubating at 37 °C for 5 hours to allow cells to attach to plate then staining with 
methylene blue.  Absorbance values of experimental inserts (Caco-2 with Giardia) were 
compared to control inserts (Caco-2 cells alone) and plotted with the SEM of three 
experiments assayed in duplicate.   
Caspase-3 assay 
Caco-2 cells were seeded at 600,000 cells/ml on 6-well 0.4 μm PET culture 
inserts (BD Falcon) and on 6-well plates (BD Falcon, San Jose, California) using 2 ml of 
cells in 100% complete DMEM.  The cells were incubated at 37 °C, 5% CO2 for 3 days.  
Medium was then removed and replenished with 90% complete DMEM/10% Giardia 
medium alone or with media mix with trophozoites at 350,000 parasites/cm² in both 
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inserts and plates.  Wells and inserts were filled to the top with the media mix.  Inserts 
were sealed using sterilized transparency film and incubated for 24 hours or 5 days.  
Camptothecin (5 μM) was added to Caco-2 cells on both inserts and plates for 24 hours at 
37 °C as a positive control for apoptosis.  Apoptosis was measured using a caspase-3 
assay kit (ab39401) (Abcam, Cambridge, MA) according to the manufacturer’s 
instructions.  Briefly, 50 μl of 2X Reaction buffer containing 10 mM DTT was added to 
the sample along with 5 μl of 4 mM DEVD-p-NA substrate.  The reaction was incubated 
at 37 °C for 1 hour then the absorbance was read at 405 nm.   The protein concentration 
of each sample was determined using a Bradford Assay and absorbance values were 
normalized to the amount of protein in each reaction. Values are expressed as the fold 
change over control ± SEM of three experiments assayed in duplicate.   
Cytokine array   
Human macrophages were differentiated from blood monocytes isolated from 
donated buffy coats (Key Biologics, Memphis, TN) using Percoll density gradients as 
described [36].  Briefly, stock isotonic Percoll was prepared by mixing 9 parts pure 
Percoll and 1 part 1.5 M NaCl.  Two Percoll concentrations, 57% and 67% (v/v), were 
prepared in HBSS.  In 15 ml tubes, 5 ml of 57% Percoll was carefully layered over 5 ml 
of 67% Percoll. Buffy coats were diluted in an equal volume of calcium/magnesium-free 
PBS and then 5 ml added to the top of the Percoll gradient.  Samples were centrifuged at 
room temperature at 400 x g for 1 hour.  Mononuclear cells, located below the plasma 
band and above the 57% Percoll region, were carefully transferred to a new 15 ml tube 
and collected by centrifugation.  The pellet was washed 2 times with HBSS, resuspended 
in RPMI supplemented with L-glutamine (Cellgro, Manassas, VA), 10% FBS, 100 U/ml 
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penicillin, and 100 μg/ml streptomycin and plated in 25 cm² flasks.  Macrophages were 
differentiated from blood monocytes as previously described [37] and used to build the 
co-culture model described above.  After 5 days of incubation with Giardia trophozoites, 
the conditioned media from Caco-2 cells and macrophages were collected.  The secreted 
cytokines were detected using the RayBio® Human Cytokine Antibody Array (AAH-
CYT-1-2) according to the manufacturer’s instructions.  Membranes were exposed to 
Classic Blue autoradiography film X (Molecular Technologies, St. Louis, MO) and the 
intensities of signals were quantified by densitometry using ImageJ version 1.46 for 
Windows (NIH Bethesda, MD, http://rsb.info.nih.gov/ij/). The intensities were 
normalized to the positive control on each membrane and reported as relative expression 
levels for the exposure time. 
Immunofluorescence analysis of culture-induced encystation  
Caco-2 cells were grown to confluence in 24-well plates in 100% complete 
DMEM.  Giardia trophozoites (50,000 parasites/cm²) were added to wells with and 
without Caco-2 cells in three media mixes, 100% DMEM, 90% DMEM/ 10% Giardia 
media, and 75% DMEM/ 25% Giardia media.  Trophozoites were incubated for 24 hours 
at 37 °C, 5% carbon dioxide.  Trophozoites were removed from the wells and allowed by 
adhere to coverslips pre-coated with poly-L lysine at 37°C for 30 minutes.  The adherent 
parasites were washed twice with PBS and then fixed for 5 minutes at -20 °C in 
methanol: acetone (1:1) followed by three washes with PBS.  Cells were permeabilized in 
0.1% Triton-X in PBS (PBS-T) for 15 minutes at room temperature and then blocked for 
30 minutes in 5% normal goat serum in PBS-T at room temperature.  Cells were 
incubated for 1 hour at room temperature in primary antibody for Giardia cysts, Giardia 
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lamblia 65 kDa Antigen Antibody (Thermo Scientific Pierce Antibodies, Rockford, IL) 
(catalog number MA1-7437) (1:10) in 5% normal goat serum in PBS-T.  Cells were 
washed three times for 5 minutes each in PBS and then incubated with secondary 
antibody, goat anti-mouse AlexFluor 488 (Life Technologies/ Invitrogen, Grand Island, 
NY) (1:250) in 5% normal goat serum in PBS-T for 30 minutes at room temperature.  
Cells were washed three times in PBS for 5 minutes at room temperature and then 
mounted on clean glass slides using SlowFade® Gold Reagent with DAPI (Life 
Technologies/ Invitrogen, Grand Island, NY).  Slides were cured overnight at room 
temperature in darkness and then imaged using a Nikon Eclipse E800.  Giardia cysts 
were generated as previously described [38] and used as a positive control for the primary 
antibody while trophozoites served as a negative control. 
Statistical analysis  
The data are presented as means ± SEM or means ± SD as indicated in each figure 
legend.  Nonparametric one-way analysis of variance (ANOVA), followed by 
Bonferroni’s multiple comparison test, was used to evaluate the differences among 
experimental data.  A p value of < 0.05 was considered significant.   
Results 
Defining the co-culture requirements for Giardia and Caco-2 cells:  
The life cycle of the Giardia parasite has two distinct stages, the infective cyst 
and the metabolically active trophozoite found in the intestine.  The full parasite life 
cycle can be completed in vitro.  Cholesterol [39] and bile [38] concentrations seem to be 
important for controlling the parasite progression from trophozoites to cysts in vitro.  
Caco-2 cells, on the other hand, are sensitive to osmolarity of growth medium.  Osmotic 
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stress-induced changes in tight junctions and cytokine secretion are both mediated 
through Mitogen-Activated Protein Kinases (MAPKs) [40,41], highly conserved protein 
kinases that function in vital cellular processes including cell cycle regulation, cell 
differentiation and proliferation, immune responses, and cell death.  The three major 
MAPKs are extracellular signal-regulated kinases (ERK-1/2), which function in 
differentiation and proliferation, and the c-Jun N-terminal kinases (JNKs) and the stress-
activated protein kinase (p38), which are both involved in cellular responses to stress.  To 
optimize culture conditions that prevent Giardia cyst formation or trophozoite death 
while maintaining cellular characteristics of Caco-2 cells, different combinations of 
Caco-2 medium (complete DMEM) and Giardia medium were assessed with regards to 
MAPK signaling and Caco-2 cellular viability and morphology.      
Morphology of Caco-2 cells exposed to three media treatments, 100% DMEM, 
90% DMEM/ 10% Giardia media, and 75% DMEM/ 25% Giardia media was assessed 
over 5 days.  Caco-2 cells grown in 100% DMEM or the 90/10 mix maintain a defined 
shape and overall structured monolayer at 5 days.  Caco-2 cell morphology showed the 
greatest deviation from control morphology in the 75% DMEM/ 25% Giardia medium 
treatment at 5 days (Figure 2A).  In the 75/25 media mix, Caco-2 cells begin to exhibit an 
irregular shape at 2 days which becomes more pronounced by 5 days (Figure 2A). The 
monolayer appears to be somewhat disorganized indicating long-term culturing in this 
condition is not capable of maintaining the cellular characteristics of the epithelial cells.  
Caco-2 cell viability was assessed by trypan blue exclusion in the three media treatments.  
None of the media mixes had any effect on Caco-2 cell viability over the course of 7 days 
when compared to time-matched control cultures in 100% DMEM (Figure 2B).   
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Basal activity of ERK, p38, and JNK in Caco-2 cells was compared in the three 
media treatments.  Sorbitol, a known activator of p38 and JNK by inducing osmotic stress 
[42], and epidermal growth factor (EGF), which activates ERK signaling [43], were used 
as positive controls.  Basal activity of the MAPKs did not differ between media 
treatments over 48 hours.  While increasing Giardia medium concentrations caused 
modest decreases in Caco-2 cell responsiveness to positive stimuli (sorbitol or EGF) at 48 
hours, these changes were not significant when compared to stimulation of control Caco-
2 cells in 100% DMEM (Figure 3) (ERK, p = 0.5275) (JNK, p = 0.5695) (p38, p = 
0.0920).  Together, these results indicate that the 90% DMEM/ 10% Giardia media mix 
best supports Caco-2 cell growth based on cellular viability, morphology and MAPKs 







Figure 2. Morphology and viability of Caco-2 cells in media mixes. A) Images of 
Caco-2 cells grown to confluence in 8-chamber slides and cultured for 1, 2, and 5 days in 
100% DMEM, 90% DMEM/ 10% Giardia media, or 75% DMEM/ 25% Giardia media.  
B) Caco-2 cells grown to confluence in 24-well plates and cultured with the media mixes, 
100% DMEM, 90/10%, or 75/25%, for 1, 2, 5, and 7 days.  Cell viability was determined 
using trypan blue exclusion with the number of blue cells compared to the total cell 
number to obtain percent viable.  The data are represented as the percent change of 
experimental values when compared to the time-matched 100% DMEM culture 




Figure 3. Effect of media mixes on MAPK activation in Caco-2 cells:  Caco-2 cells 
were grown to confluence in 96-well plates, and cultured for 24 or 48 hours in the 
presence of the media mixes.  Activation of stress-related kinases was measured using 
PACE assays.  Activation of ERK (A), JNK (B), and p38 (C) was measured and 
compared to positive controls (EGF or sorbitol).  Values are expressed as the mean fold 






Giardia trophozoite proliferation and attachment in co-culture media:  
G. lamblia trophozoites preferentially colonize the small intestine where 
attachment to the epithelial barrier and proliferation within the gastrointestinal tract are 
essential for progression of infection in the host.   In vitro studies have indicated that 
Giardia will not proliferate when cultured with Caco-2 cells grown in 100% DMEM 
[44], indicating these culture conditions do not accurately reflect in vivo conditions where 
parasites actively proliferate while attached to the epithelial surface.  Attachment of 
trophozoites to epithelial cells in vitro is dependent on tonicity and pH of the growth 
medium [45].  In an attempt to better mimic a true Giardia infection, we evaluated 
parasite survival, proliferation, and attachment in the co-culture media combination of 
90% DMEM/ 10% Giardia media.   
Using three starting densities of trophozoites, parasites were monitored for 48 
hours in both the presence and absence of epithelial cells.  In the absence of Caco-2 cells, 
trophozoites at all densities were not viable and did not proliferate over the course of 24 
hours.  Most of the trophozoites were found clumped together and had a rounded shape 
(Figure 4A, identified with an arrow).  These spherical structures do not appear to be 
Giardia cysts as immunofluorescence microscopy analysis (IFA) using an antibody 
specific for cysts failed to indicate cyst formation (Figure 5).  Some of the round 
structures did label with the nuclear stain, DAPI; however, these were few in number and 
the staining was faint and diffuse. When co-cultured with Caco-2 cells in 90% 
DMEM/10% Giardia media, parasites displayed typical trophozoite morphology (Figure 
4A), indicating that the presence of epithelial cells increases parasite survival at low 
trophozoite density.  Trophozoites upregulate many genes when cultured with epithelial 
48 
 
cells, including those involved in oxygen defense, cell cycle regulation, and stage 
differentiation [46,47], which could explain the survival of trophozoites in the presence 
of Caco-2 cells in this study. As previously suggested [44], 100% DMEM failed to 
support Giardia proliferation even in the presence of Caco-2 cells.  IFA of trophozoites 
grown in the three media treatments for 24 hours show qualitatively fewer DAPI-positive 
parasites in the 100% DMEM treatment when compared to either the 90/10 or 75/25 mix 
(Figure 5).  Additionally, the co-culture media combination of 90% DMEM/ 10% 
Giardia media allowed for parasite attachment to Caco-2 cells and proliferation over 48 
hours (Figure 4B).  Parasite attachment and proliferation are important parameters to the 
overall success of the parasite in vivo; therefore using the co-culture media combination 




Figure 4. Proliferation of Giardia trophozoites in 90% DMEM/ 10%Giardia media 
at 3 starting densities. A) Giardia trophozoites were added to 24-well plates at three 
different starting densities: 50,000, 100,000, or 300,000 parasites/cm² in the absence and 
presence of Caco-2 cells.  B) Growth curve of Giardia co-cultured with Caco-2 cells over 





Figure 5. Immunofluorescence microscopy analysis of parasites in the media mixes. 
Giardia trophozoites (50,000 parasites/cm²) where incubated in the three media mixes for 
24 hours both in the presence and absence of Caco-2 cells.  Parasites were incubated with 
a cyst specific antibody (green).  Nuclei were stained with DAPI (blue).  Pictures 
represent the merged images of DAPI and cyst antibody. 
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Detachment of trophozoites using formononetin has no effect on MAPK signaling in 
Caco-2 cells:   
Traditionally, Giardia trophozoites are removed from surfaces, including 
epithelial cells, by cold shock [32].  However, cold shock treatment of cultured 
mammalian cells can induce physiological changes, including cytoskeleton 
rearrangement, p38 MAPK activation, and gene transcription activation [48].  Therefore, 
trophozoite removal by cold temperature exposure makes downstream studies of Caco-2 
cells difficult to interpret.  Preliminary work using our model demonstrated that using 
cold-shock washes to remove Giardia trophozoites damaged the Caco-2 monolayer due 
to the force employed to remove the parasites from the insert.   As Giardia trophozoites 
can be chemically detached from surfaces using the isoflavone, formononetin [33], we 
assessed whether this compound could be used to remove trophozoites without affecting 
key apoptotic or proliferative signaling pathways in Caco-2 cells.  Formononetin was 
added to confluent Caco-2 monolayers for 5 minutes as previously described [33] and 
then MAPK activities were assessed by PACE assay.  Both 10 μM and 40 μM 
formononetin were able to detach Giardia trophozoites from Caco-2 cells [33] without 
altering MAPK activation in the Caco-2 cells (Figure 6).  In addition, formononetin did 
not affect the response of Caco-2 cells to stimuli that activate ERK, JNK or p38 as 
similar levels of activation where observed in the presence of formononetin when 
compared to control stimulation with either EGF or sorbitol in the absence of the 
isoflavone compound (Figure 6).  Trophozoites removed with this method were 
successfully re-cultured and were able to proliferate (data not shown).  Although 
formononetin has anti-inflammatory properties [49] and can induce apoptosis [50,51], 
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increase NOS expression [52], and promote cell cycle arrest [53], none of these effects 
have been shown at the incubation time and/or concentration employed for Giardia 
removal.  Based on these data, as well as the ability of both concentrations to efficiently 
detach more than 80% of parasites from cell layers within 5 minutes [33] without 
compromising the integrity of the Caco-2 cell monolayer, we used 10 μM formononetin 





Figure 6. Effect of formononetin on stress activated kinases in Caco-2 cells. Caco-2 
cells plated at 60,000 cells/ml were grown to confluence in 96-well plates.  The cells 
were treated with control (DMSO) or 10μM and 40μM formononetin for 5 minutes.  
Activation of ERK (A), JNK (B), and p38 (C) were measured by PACE assays.  EGF 
(100 ng/ml) treatment for 15 minutes was used as a positive control for ERK activation.  
Sorbitol (300 mM) treatment for 15 minutes was used to activate p38 and JNK. Values 






Giardia decreases epithelial cell number:  
Previous in vitro monolayer co-culture studies have shown decreased epithelial 
cell proliferation in response to Giardia interaction [15,54]; however, co-culture studies 
with lung epithelial cells and activated macrophages have revealed that cytokine 
production by macrophages can induce epithelial cell proliferation as a mechanism to 
repair tissue damaged during the inflammation process [55].  To explore the role of 
macrophages during giardiasis, epithelial cell number was measured on cell culture 
inserts in the presence and absence of IC-21 macrophages during Giardia incubation.  In 
the presence of Giardia trophozoites, there was a significant decrease in the number of 
epithelial cells at 5 days of incubation when compared to control (Figure 7). The presence 
of macrophages did not prevent the Giardia-induced decrease in Caco-2 cell number 
suggesting that macrophages cannot promote epithelial cell proliferation during Giardia 





Figure 7. Effect of Giardia on Caco-2 cell number.  Giardia trophozoites were added to 
the co-culture at 100,000 total parasites for 5 days in 90% DMEM/ 10% Giardia media. 
Methylene blue staining of Caco-2 cells alone, Caco-2 cells (+) macrophages, Caco-2 
cells (+) Giardia, Caco-2 cells (+) macrophages (+) Giardia. Values are expressed as the 





Giardia increases caspase-3 activity in Caco-2 cells:   
To investigate the mechanisms involved in epithelial cell number decrease during 
Giardia interaction, we measured the impact of Giardia on Caco-2 cell apoptosis.  
Caspase-3, activated by both the intrinsic and extrinsic pathways, is an executioner 
caspase that is responsible for both the morphological and biochemical changes 
associated with apoptosis (reviewed in [56]).  Camptothecin, a strong inhibitor of DNA 
synthesis, is widely used to induce apoptosis in vitro.  In our work, there was only a 
modest increase in caspase-3 activation in Caco-2 cells treated with camptothein.  This 
result was somewhat expected as Caco-2 cells are less responsive to camptothecin after 
confluence and throughout the differentiation phase [57].  The activity of caspase-3 in 
Caco-2 cells was assessed at 1 and 5 days in both plate and insert conditions.  Overall, the 
basal level of caspase-3 activity is higher in the insert when compared to the plate 
culture; however, unstimulated caspase-3 levels in insert control cultures do not vary 
from 1 to 5 days (data not shown).  The difference in baseline caspase-3 activity between 
the two experimental conditions may reflect different Caco-2 phenotypes that exist in the 
two culture parameters as cells grown on filter supports may differentiate faster [58].  At 
1 day there is no change in caspase-3 activity in either plate or insert cultures when Caco-
2 cells are incubated with Giardia (Figure 8A); however, at 5 days there is a significant 
increase in caspase-3 activity in the insert cultures, but not in the plate culture (Figure 
8A).  Additionally, even though the plate and insert cultures were inoculated with the 
same starting density of parasites, at the termination of 5 days, parasite density is much 
higher in the insert when compared to the plate environment (Figure 8B).  This suggests 
the insert environment better supports the growth requirements of Giardia trophozoites 
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Figure 8. Caspase-3 activity in Caco-2 cells incubated with Giardia:  A) Caco-2 cells 
grown to confluence in 6-well inserts or plates were inoculated with 350,000 
parasites/cm² Giardia trophozoites.  Caspase-3 activation as a marker for apoptosis was 
measured at 1 and 5 days using the Abcam Caspase-3 assay kit.  Camptothecin (5 μM) 
was used as an inducer of caspase-3 activation.  The data represent the fold change over 
control ± S.E.M assayed three times in duplicate. (n=3) (** indicates the p value is < 




Modulation of host cytokines by Giardia:   
Cytokines are important in determining the type of adaptive immune response 
initiated while also advancing the innate response [59]; however, little is known about 
these processes in giardiasis. Interleukin-6 (IL-6) [60] and TNF-α [25,61,62] have been 
implicated in the host immune response against Giardia.  Roxstrom-Lindquist et al. [15] 
found increased expression of cytokines involved in recruitment of immune cells, such 
macrophage inflammatory protein (MIP), GRO isoforms, and monocyte chemotactic 
protein 1 (MCP-1), from Giardia- exposed Caco-2 human intestinal cells.  These findings 
indicate that immune cells may contribute to modulating Giardia infections.  Using 
cytokine arrays, the cytokine profiles of macrophages and Caco-2 cells were 
characterized following 5 days of co-culture in the absence and presence of Giardia.  
Each array contains capture antibodies printed on a nitrocellulose membrane that detects 
both the presence and relative expression levels of 23 human cytokines (Supplemental 
data, Figure S1).  Caco-2 cells grown on inserts alone failed to secrete any of the 
cytokines tested (Figure 9); however, when grown in the presence of differentiated 
macrophages, Caco-2 cells secreted GRO and IL-8 (Figure 9), which both act in 
chemoattraction and neutrophil activation (reviewed in [63]).  Incubation of the Caco-2 
cell-macrophage co-culture with Giardia abolished the secretion of both GRO and IL-8 
cytokines from Caco-2 cells (Figure 9).  Differentiated macrophages secreted GRO, 
MCP-1, and IL-8 when co-cultured with Caco-2 cells and this response was not altered 





Figure 9.  Cytokine profile of Caco-2 cells and macrophages in the co-culture 
system. Caco-2 cells were cultured in the presence and absence of differentiated human 
macrophages for 3 days.  Giardia trophozoites were added and incubated for 5 days.  A) 
Conditioned medium was collected and analyzed using the RayBiotech cytokine array 
(supplemental data, Figure S1).  B) Macrophage medium blot intensity as determined by 





Long-term viability of cells and parasites in the co-culture model:  
Since Giardia infections can span several days to weeks in both mice [64] and 
humans [14, 65], constructing a model that allows for long-term incubation of parasites 
with epithelial cells is essential to understanding long-term infection interactions on the 
cellular level.  Using the co-culture model, parasite viability and proliferation, as well as 
Caco-2 cell monolayer structure was monitored over 21 days.  Parasites remained viable 
in the co-culture model for the full 21 days (Figure 10A) and completely covered the 
Caco-2 monolayer by day 5 (supplemental data, Figures S2-S5).  Parasite density peaked 
at 5 days and then reached a steady state density that persisted to 21 days (Figure 10B).  
The decline in parasite number after day 5 is attributed to the increased frequency of 
feeding after that time.  Trophozoites removed from the co-culture retained typical 
trophozoite morphology (Figure 11A).  The Caco-2 monolayer remains attached to the 
insert, but had started to disorganize by 13-21 days as indicated by the presence of holes 
in the monolayer (Figure 11B).  Disruption of the Caco-2 monolayer is Giardia mediated 
as control inserts containing no parasites showed no structural damage over the 21 day 
time period (Figure 11B).  Additionally, macrophages can be observed on the bottom of 
the insert (supplemental data, Figure S6); however, by 21 days few macrophages 
remained on the insert and were mostly found in the bottom of the well. These data 
indicate that our model allows for long-term survival of Giardia and epithelial cells in 
vitro as the Caco-2 cell monolayer is preserved in control culture conditions and 





Figure 10. Giardia trophozoites in the 21-day co-culture.  The co-culture model was 
assembled as described. A) Live images of the model with parasites attached were 
obtained at 1 and 21 days.  A trophozoite is identified with an arrow.  Full size images of 
the model at day 1, 5, 13, and 21 days are provided in the supplemental data (Figure S2-
S5). B) Giardia growth curve over 21 days in the co-culture model.  Trophozoites 
removed from the inserts with formononetin treatment were collected and counted with a 
hemocytometer at 1, 5, 13, and 21 days.  Data represents the mean of four individual 





Figure 11. Morphology of Giardia and Caco-2 cells over 21 days.  A) Images of 
trophozoites removed from co-culture inserts with formononetin treatment at 5, 13, and 
21 days.  B) Crystal violet stain of the Caco-2 monolayer on inserts in the absence or 





Several co-culture models of the human intestine have been developed [37,66]; 
however, no experimental design has been adapted for prolonged Giardia-host 
interactions.  The use of transwell inserts for Giardia research has been established for 
short-term studies of 24 hours or less [15,67].  Long-term culturing of Giardia 
trophozoites with human epithelial cells in vitro is challenging [46,6] due to the 
microaerophilic nature of the parasite.  To overcome the parasite survival barrier, most in 
vitro studies have utilized high multiplicities of infection in addition to the short 
incubation times. These conditions do not reflect a typical Giardia infection where a low 
infectious dose leads to an active infection that can span several days to weeks. 
Therefore, establishing an in vitro model that allows for the protracted co-culture of host 
epithelial and immune cells with Giardia trophozoites would greatly contribute to the 
understanding of late infection interactions.  
Our model utilizes transwell inserts to co-culture a human intestinal epithelial cell 
line (Caco-2) and a murine peritoneal macrophage cell line (IC-21) in a manner that 
represents the apical-basolateral orientation of the small intestine (Figure 1).  IC-21 
murine peritoneal macrophages were selected for their similarity to human macrophages, 
including their typical macrophage morphology in culture, their expression of 
macrophage-specific antigens, their activation by lipopolysaccharide, their phagocytic 
ability [31], and their expression of IgG receptors [68].  Caco-2 cells, derived from a 
human colonic adenocarcinoma, retain both morphologic and phenotypic characteristics 
of intestinal epithelial cells when fully differentiated, including polarized morphology, 
microvilli on the apical surface, expression of brush border enzymes, and adjacent cell 
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tight junctions (reviewed in [69,58]).  The in vitro differentiation of Caco-2 cells into a 
phenotype similar to small intestinal epithelial cells is a time-mediated event that is 
dependent on many factors, including passage number, seeding density, media 
composition, and substrate support (reviewed in [58]).  In our study, the use of Caco-2 
cells at three days post plating allows for the assessment of how the parasite affects the 
proliferation and differentiation process of enterocytes in the intestine.  The epithelial 
barrier of the intestine is replenished every 4-5 days; therefore, enterocyte renewal 
through stem cell differentiation is critical for normal functioning of the human gut 
(reviewed in [70,71]). Caco-2 cells have been used to model the differentiation process of 
enterocytes in the small intestine [72].  Although immature proliferating Caco-2 cells 
show differences in gene expression [73], the protein expression profiles are remarkably 
similar [74] when compared to fully differentiated Caco-2 cells.  Thus far, Caco-2 cells 
are the best described enterocyte cell line and the most common epithelial cell line used 
in in vitro Giardia–host interactions.  Therefore, using Caco-2 cells to characterize our 
co-culture model allows us to compare our results with those published in the literature. 
Following establishment of cell-cell communication and epithelial monolayer 
formation, Giardia trophozoites were added to the system using a lower starting density 
than what has previously been reported.  Multiplicities of infection (MOIs) vary from 1:3 
to 1:10 host cell to parasite number, whereas our model uses a MOI of less than 1:1.  This 
model allows the parasite to proliferate in culture, more accurately reflects the infection 
in vivo, and allows for the characterization of host-Giardia interactions from the start of 
an infection through its termination, including the role (if any) of immune cells in 
limiting the infection.  Our data indicate that both parasites and epithelial cells are viable 
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in the 90% DMEM/ 10% Giardia media mixture.  Using transwell inserts filled with 
medium, we were able to limit the oxygen exposure of the parasites, while allowing the 
epithelial cells to exchange oxygen and nutrients through their basolateral surface.  
Giardia proliferates in the 90% DMEM/ 10% Giardia media and saturates the insert 
surface at 5 days post-infection.  The drop in parasite density after 5 days is attributed to 
daily feeding of the insert cultures.  Increased metabolism in co-cultures modeling 
infectious disease can drastically alter the media composition, pH, and by-product 
accumulation in the system [28]; therefore, a feeding strategy must be employed to offset 
these effects.  We elected to only remove half the culture medium every other day until 
day five so that the host-parasite interface remained undisturbed until the infection was 
established.  After five days, parasite density peaked and unattached parasites had to be 
removed daily.  This approach mimics in vivo conditions where unattached parasites are 
pushed down the intestine and are ultimately excreted from the host.  Although the 90/10 
media mix does not support trophozoite survival in the absence of Caco-2 cells in plate 
cultures, we have shown inserts provide a more suitable environment for trophozoite 
proliferation.  Therefore, further optimization of the insert model, such as altering 
parasite inoculation density or media composition, could allow parasite survival in the 
absence of host cells.  This would make assessment of host-induced changes in Giardia 
gene expression feasible using our developed model.  Our experimental design 
recapitulates the architecture of the gastrointestinal tract where Giardia trophozoites 
attach apically to the epithelium and epithelial cells interact basolaterally with 
macrophages in the lamina propria.  Using human differentiated macrophages isolated 
from buffy coats for the cytokine array further illustrates the versatility of the model. 
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However, due to low isolation numbers, lack of proliferation, and difficulty in 
maintaining the human monocyte-derived macrophages in culture, IC-21 cells were used 
in all other experiments to characterize our model.   
Epithelial cell apoptosis as a mechanism of barrier dysfunction during giardiasis 
has been well documented in vitro [19,18], in human biopsies [17], and in mouse models 
with G. muris [75].  However, the results of those experiments have been contradictory 
with regards to the degree of apoptosis observed as well as the Giardia assemblage(s) 
capable of inducing epithelial cell death.  Studies using sonicated Giardia lamblia strain 
WBC6 (assemblage A), failed to elicit epithelial cell apoptosis [19]; a finding 
inconsistent with other work using live WBC6 trophozoites [18].  To assess apoptosis in 
our model, we compared caspase-3 activation in Caco-2 cells on inserts to the long-
established monoculture plate environment.  Our results indicate that live WBC6 
trophozoites can induce apoptosis in a time-dependent manner.  Since sonicated Giardia 
WBC6 parasites fail to produce the same response [19], this may indicate this particular 
Giardia strain mediates host cell death through a direct parasite-epithelial cell interaction 
or that apoptosis follows a different time course with WB sonicates.  The difference in 
apoptosis observed between plate and insert cultures at 5 days in our studies is likely due 
to parasite density in the different culture conditions.  Significantly more parasites are 
observed in the insert environment even though the plate and insert cultures received the 
same starting density of parasites.  We speculate that the reduced parasite proliferation in 
the plate is due to high oxygen tension, which is deleterious to Giardia trophozoites [76].  
Together, these data suggest that our model is a better representation of giardiasis as 
parasites can reach higher densities in the insert environment and remain viable over 
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many days.  Indeed, the contradictory data on apoptosis during giardiasis is likely due to 
many factors including Giardia strain utilized, parasite density, and type of epithelial cell 
line used.  
The cytokine array illustrated the importance of co-culture in modulating cell 
phenotype.  Caco-2 cells exhibit a different cytokine profile in the presence of human 
differentiated macrophages, which has been previously reported [77].  Secretion of 
chemotatic cytokines, such as GRO isoforms and MCP-1, by intestinal epithelial cells 
incubated with Giardia has been reported [15].  However, Giardia failed to elicit 
secretion of these cytokines from Caco-2 cells cultured alone and, in fact, Giardia 
suppressed the cytokine expression of Caco-2 cells cultured with macrophages by 
abolishing IL-8 and GRO secretion.  Immuno-regulation of host defenses has been 
observed in Giardia [78] and other parasitic infections (Reviewed in [79,59]). 
Differences in experimental design and Caco-2 cell differentiation state between the two 
studies as well as parasite density could explain some of the disparities.  Furthermore, 
differences in the cytokine profile of intestinal epithelial cells during Giardia infection 
could be attributed to Giardia assemblage.  In vitro, Giardia strain WB does not induce 
IL-8 secretion (shown here and [15]) while Giardia strain GS, belonging to assemblage 
B, elicits a robust IL-8 response in epithelial cells [80]. Differences in virulence between 
assemblage A and B have been previously suggested [10-12]. 
The role of macrophages in human giardiasis has yet to be fully resolved.  
Macrophages can actively phagocytose trophozoites in vitro [23] and in infected mice 
[21]. However, only low numbers of macrophages are observed in the lumen of Giardia 
infected animals [81]; therefore, phagocytosis alone probably does not contribute greatly 
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to parasite control as Giardia is mostly non-invasive and does not cross the epithelial 
barrier.  Using the co-culture model, we assessed if macrophages play a role in Giardia 
pathology by secreting cytokines or stimulating epithelial cell proliferation.  In other 
tissues, macrophage cytokine secretion can activate epithelial cell proliferation as a 
means to repair damage or maintain homeostasis [82,55].  In our studies, macrophages 
did not induce proliferation of Caco-2 cells exposed to Giardia parasites.  The decrease 
in Caco-2 cell number in the presence of Giardia is likely due to epithelial cell apoptosis.  
The increase in caspase-3 activity in Caco-2 cells incubated with Giardia was quite 
substantial as it surpassed the levels induced by the camptothecin, a strong inhibitor of 
DNA synthesis.  The dissociation between macrophages and epithelial cell proliferation 
in the gastrointestinal tract could be in part due to the unresponsive, anergic nature of 
intestinal macrophages (reviewed in [83,84]).  Additionally, macrophages do not control 
Giardia infection through cytokine secretion as the cytokine profile of the macrophages 
did not change in the presence of parasites.  If this is due to regulation of epithelial cell 
cytokine secretion by the parasite is yet to be determined.   
In summary, we have developed a model that allows for the long-term 
characterization of host-Giardia interactions, including the role immune cells play in 
parasite control and/or clearance.  As monolayer integrity is compromised at later time 
points, this model can investigate disease physiology, such as altered transport function 
leading to malabsorption, until about 13 days post-infection. Incubations spanning longer 
than 13 days can be utilized for pathological studies.  This model can be adapted to 
define culture conditions for the long-term culture of other Giardia strains, which will 
allow for the identification of strain-specific effects on host cells that may contribute to 
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the wide spectrum of disease symptoms and infection duration.  In addition, using the co-
culture model for additional characterization of cytokine profiles unique to Giardia 
infections will provide insights into the underlying mechanisms of host immune 
suppression by the parasite. Overall, this model can help identity mechanisms of disease 
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Figure S6. IC-21 macrophages in the co-culture. IC-21 macrophages on the bottom of 
the insert were fixed in 4% formaldehyde and stained with 4% crystal violet.  A 






GIARDIA-INDUCED BARRIER DYSFUNCTION PROMOTES INVASIION OF 
PARASITE-DERIVED EXCRETORY-SECRETORY PRODUCTS CAPABLE OF 
INHIBITING MACROPHAGE INFLAMMATORY SIGNALING 
Introduction 
The protozoan parasite, Giardia lamblia (syn. G. duodenalis, G. intestinalis), is a 
leading cause of waterborne diarrheal disease worldwide.  Prevalence is particularly high 
in developing countries which lack the infrastructure for proper water hygiene and 
sanitation measures (2).  In endemic areas, infection incidence can be as high as sixty-
percent in children under the age of five (3).  Giardia infections in industrialized nations 
occur less frequently and are often associated with treatment deficient drinking water (4-
6), use of contaminated recreational water (7, 8), and child care facilities (9, 10).  Due to 
its worldwide distribution and propensity to infect disadvantaged human populations, in 
2004 the World Health Organization (WHO) included Giardia on its neglected disease 
initiative (11, 12).   
Giardiasis exhibits a wide spectrum of clinical signs and symptoms ranging from 
asymptotic infections to acute or chronic disease states with severe diarrhea, abdominal 
cramping, bloating, malabsorption, and weigh loss (Reviewed in 13).  Giardia 
transmission occurs through consumption of infective cysts in contaminated food or 
water and also by direct fecal-oral transfer through person-to-person contact (12).  Once 
inside the host, parasite trophozoites inhabit the upper small intestine by mechanical 
attachment to the gastrointestinal epithelium (14).  Intestinal colonization initiates 
increased intestinal permeability by inducing enterocyte apoptosis (15, 16) and disrupting 
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the localization (17, 18) and expression of tight junctional proteins (19).  Breakdown of 
the epithelial barrier function allows for the translocation of luminal antigens and 
commensal bacteria into the underlying lamina propria tissue (20).  Despite the invasion 
of luminal contents into the intestinal mucosa, for reasons yet to be fully elucidated, 
Giardia infections do not produce intestinal inflammation (21).  Since commensal 
bacteria translocation into host tissues is known to stimulate immune activities (22, 23) 
and infections with other enteric parasites lead to robust inflammation (24-26), it has 
been postulated that Giardia suppresses the host immune response as a mechanism to 
evade host detection and clearance.  Indeed, the parasite can alter dendritic cell effector 
functions in response to lipopolysaccharide (LPS) (27, 28); however, it remains unclear if 
similar modulation occurs in other immune cells, such as macrophages.   
Since Giardia is a non-invasive pathogen, trophozoites do not cross the intestinal 
epithelium to interact with immune cells residing in the lamina propria.  It is still 
generally unknown how Giardia-derived excretory-secretory products (ESPs) that 
infiltrate underlying mucosal tissues following barrier disruption contribute to parasite 
pathogenesis and host immunity.  Studies identifying Giardia ESPs have reveled unique 
protein secretions when co-incubated with host cells (29) as well as the ability of these 
products to induce cellular immunity in an assemblage dependent manner (30).  
Furthermore, secreted cysteine proteases have been shown to decrease neutrophil 
chemotaxis by cleaving the pro-inflammatory cytokine, IL-8 (31).  Together, these data 
suggest Giardia secretory-excretory products may play a pivotal role in immune evasion 
by altering immune cell effector functions. 
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Toll-like receptors (TLRs) are highly conserved pathogen recognition receptors 
that are activated by pathogen-associated molecular patterns to induce mobilization of the 
host immune response.  Of the eleven described TLRs in mammals, TLR2 and TLR4 are 
important for recognizing gram-positive and gram-negative bacteria, respectively.  Upon 
TLR stimulation, pro-inflammatory signaling pathways, including NF-κB and the 
p38/JNK MAPKs are directly activated through IL-1 Receptor Associated Kinase-4 
(IRAK-4) (Reviewed in 32).  Previous work has shown modulation of dendritic cell TLR 
signaling in response to Giardia (27, 28); however, the exact signaling cascade is yet to 
be fully exposed.  Moreover, this response has not been described in other immune cells 
while the capability of parasite secretory-excretory products to alter TLR signaling is 
completely unknown.  Therefore, the aims of this study were to model long-term 
alterations in epithelial cell barrier function that may permit translocation of Giardia-
derived excretory-secretory components and commensal bacteria into host tissue.  This 
longitudinal study allows us to ascertain how parasite density and time contribute to the 
disruption of epithelial cell tight junctions.  Secondly, we examined how parasite-derived 
excretory-secretory products influence macrophage inflammatory signaling pathways in 
the presence of commensal bacteria, Staphylococcus aureus and Escherichia coli. 
Material and Methods 
Cell culture 
Caco-2 cells (clone C2BBe1, a human colonic adenocarcinoma cell line) were 
obtained from the American Type Culture Collection (ATCC) (CRL-2102) and cultured 
at 37°C, 5% carbon dioxide in Dulbecco’s Modified Eagle’s Medium (DMEM) (Cellgro, 
Manassas, VA) supplemented with 10% fetal bovine serum (FBS) (Life Technologies, 
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Grand Island, NY), 100 U/ml penicillin, and 100 µg/ml streptomycin.  Cells were fed 
every third day and passed when ~80-90% confluent using 0.025% trypsin containing 
0.22 mM EDTA.  A murine peritoneal macrophage cell line, IC-21 cells, was obtained 
from Dr. Richard Smith (University of Tennessee Health Science Center, Memphis, TN).  
The IC-21 macrophages were grown in RPMI-1640 supplemented with L-glutamine 
(Cellgro, Manassas, VA), 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin.  
Cells were fed every other day and then passaged using Hanks Balanced Salt Solution 
(HBSS) when confluent. 
Parasites 
Giardia lamblia trophozoites (WB clone C6) obtained from the American Type 
Culture Collection (#50803) were maintained at 37 °C under low oxygen conditions in 
filter sterilized modified TYI-S-33 medium containing 10% adult bovine serum and 
0.05% bovine bile (33).  For use in experiments, the spent medium was removed from the 
parasite culture tube to exclude dead parasites from experiments.  The tube was 
replenished with fresh sterile medium and the attached trophozoites dislodged by chilling 
on ice for 15 minutes.  Trophozoites were pelleted by centrifugation (1500 x g for 5 
minutes at 4 °C) and washed in the media combination of 90% DMEM/ 10% Giardia 
medium.  Parasite number was determined using a hemocytometer and then diluted to 
100,000 trophozoites/ ml in the media combination of 90% DMEM/ 10% Giardia 
medium. 
Bacterial culture 
Escherichia coli K-12 (155068) and Staphylococcus aureus (155554) were 
obtained from Carolina Biological Supply Company (Burlington, NC).  Cultures were 
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grown overnight in 5 ml sterile LB broth at 37 °C with shaking.  Approximate bacteria 
number was enumerated by reading the absorbance of the cultures at 600 nm.  For heat 
treatment, bacteria were placed at 90 °C for 1 hour.  Bacteria were collected by 
centrifugation and resuspended in serum-free RPMI. 
Co-culture model 
A co-culture model of Caco-2 cells and IC-21 macrophages was constructed as 
previously described (1).  Briefly, IC-21 macrophages (60 µl; 500,000 cells/ml) were 
plated in complete RPMI on the bottom of 0.4 µm PET membrane culture inserts (BD 
Falcon, San Jose, California, catalog number 353095).  Cells were allowed to adhere 
overnight at 37 °C, 5% carbon dioxide.  The following day, the macrophage-coated 
inserts were placed in an individual well of a 24-well plate (Corning Life Sciences, 
Corning, NY, Catalog number 3524) containing 800 µl of complete RPMI.  Caco-2 cells 
(250 µl; 600,000cells/ml) were layered on top of the inserts in complete DMEM.  The 
epithelial cell-macrophage co-cultures were incubated at 37 °C, 5% carbon dioxide for 
three days followed by either the addition of culture media (90% DMEM/ 10% Giardia 
media) alone for control inserts or culture media plus Giardia trophozoites (100,000 
parasites/ insert) for treated inserts.  Inserts were fed every other day by removing half 
the media until day 5 at which time the inserts were fed everyday by removing all the 
media. 
Transepithelial electrical resistance (TEER) measurements 
Co-cultures of Caco-2 cells and macrophages were assembled as described above.  
Caco-2 cell monolayer integrity was evaluated by TEER measurements.  Readings were 
obtained using the EVOM2 Epithelial Voltohmmeter (World Precision Instruments) with 
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the EndOhm-6 chamber for 24-well inserts as per the manufacturer’s instructions.  Before 
the addition of Giardia trophozoites, a baseline TEER reading was taken and recorded as 
Day 0.  Thereafter, measurements were conducted on control and Giardia-treated inserts 
at the time points indicated.  Values were normalized to the baseline TEER 
measurements at day 0 and are expressed as ohms • cm2.  Data represent the mean ± SEM 
of 2-3 experiments conducted in duplicate.   
Immunofluorescent confocal microscopy analysis 
Caco-2 cells alone were seeded in transwell inserts as described above.  After 
three days, Giardia trophozoites were added at 100,000 parasites/ insert in 90% DMEM/ 
10% Giardia medium.  ZO-1 localization in control and Giardia-exposed inserts was 
evaluated by immunofluorescent analysis at day 1, 3, and 5.  Cell layers were washed 3 
times in pre-warmed phosphate-buffered saline (PBS) and then fixed in 4% molecular 
grade formaldehyde for 15 minutes at room temperature.  Following 3 washes with PBS, 
cells were permeabilized in 0.1% Triton X + PBS (PBS-T) for 15 minutes at room 
temperature and then blocked in 10% normal goat serum in PBS-T for 1 hour.  Mouse 
anti-ZO-1 (Life Technologies, Frederick, MD, catalog number 339100), was diluted 
1:500 in 10% normal goat-serum in PBS-T and then added to the inserts for 30 minutes.  
Monolayers were washed 6 times in PBS for 5 minutes each.  Cells were incubated 1 
hour in goat anti-mouse Alexa Fluor 488 (Invitrogen, Eugene, OR), diluted 1:1,000 in 
10% normal goat serum in PBS-T, and the nuclear stain, DAPI (1 µg/ml).  Following 6 
washes for 5 minutes each with PBS, the PET membrane was excised from the insert 
support using a scapel and then mounted on coverslips using SlowFade® Gold Reagent 
with DAPI (Life Technologies/ Invitrogen, Grand Island, NY).  Prepared slides were 
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cured overnight in the dark at -20 °C.  Images were obtained using the Nikon A1 
confocal scanning fluorescent microscope with NIS Elements software.  Images are 
represented as merged images of ZO-1 and DAPI staining as well lateral views of the 
Caco-2 cell monolayer modeled from Z stacks.    
Preparation of conditioned medium  
Co-cultures of caco-2 cells and macrophages were assembled as previously 
described and incubated in the absence or presence of Giardia parasites for five days.  
Conditioned medium from replicate inserts was pooled by removing the culture media 
from the Caco-2 cell apical compartment, centrifuged (1500 x g for 5 minutes at 4 °C) to 
eliminate detached Caco-2 cells and parasites, and then stored at -80 °C until use. 
IC-21 macrophage interaction with conditioned medium 
All culture medium (100 µl) was removed from naïve IC-21 macrophages seeded 
in 96-well plates and replaced with 50 µl conditioned medium either from Caco-2 cells 
alone (control) or Caco-2 cells with Giardia trophozoites.  For stimulation evaluation, the 
activation of the MAPKs and AKT were assessed at the times points indicated in PACE 
assay experiments described below.  For inhibition studies, IC-21 macrophages were 
pretreated for 30 minutes with conditioned medium followed by the addition of heat-
treated bacteria (E. coli or S. aureus), lipopolysaccharide from E. coli 0127:B8 (LPS; 
Sigma Aldrich, St. Louis, MO) (10 ng/ml), or RPMI alone for control wells.  Bacteria (10 
µl) were added at a final concentration of 108 bacteria/ml for the time points indicated.  





Phospho-specific cell-based ELISA (PACE) 
The activation of ERK, p38, JNK, AKT, and IRAK-4 was measured using PACE 
assays as previously described (34). Briefly, IC-21 macrophages were seeded at 200,000 
cells/ml (100 µl) in 96-well plates in complete RPMI.  Cells were used for studies three 
days post-plating and were serum-deprived for at least 12 hours before experiments were 
conducted.  Cells were treated as described in the figure legends and treatments were 
stopped by adding ice-cold PBS to each well.  Cells were fixed in 4% formaldehyde and 
then endogenous peroxides were quenched in 0.6% hydrogen-peroxide in PBS-T for 30 
minutes.  Following 1 hour of blocking in 5% milk in PBS-T, cells were incubated 
overnight with primary antibody at 4°C.  All primary antibodies were purchased from 
Cell Signaling Technology (Danvers, MA). The primary antibody dilutions were made in 
5% bovine serum albumin (BSA) in PBS-T and are as follows: anti-phospho-ERK 
(Thr202/Tyr204) – 1:8,000; anti-phospho- p38 MAPK (Thr180/Tyr182) – 1:1,000; anti-
phospho-SAPK/JNK (Thr183/Tyr185) – 1:1,000; anti-phospho-AKT (S473) – 1:1,000; 
anti-phospho-IRAK-4 (T345/S346) – 1:500.  Plates were washed three times with PBS-T, 
then incubated for 1 hour with either HRP-conjugated goat anti-rabbit antibody for ERK 
(1:1,000), AKT (1:500), and IRAK-4 (1:500) or goat anti-mouse antibody for p38 
(1:1,000) and JNK (1:500).  The 1-Step Ultra-TMB ELISA substrate (Fisher Scientific) 
was used to develop the assay and the absorbance was read at 450 nm using the BioTek 
Synergy H1 microplate reader.  Experimental values were compared to time-matched 






Date represent the means ± SEM of 3-4 experiments assayed in triplicate.  
Statistical analyses were conducted using non-parametric one-way analysis of variance 
(ANOVA) and Bonferroni’s post-test for multiple comparisons in GraphPad Prism 
Software version 5.1 (La Jolla, CA).  Differences in means were considered significant at 
p ≤ 0.05. 
Results 
Giardia trophozoites decrease transepithelial electrical resistance (TEER) of Caco-2 
monolayers grown in co-culture with macrophages. 
Transepithelial electrical resistance (TEER) is often used as an indicator of 
epithelial barrier integrity and tight-junction formation (35).  As Giardia has been 
described to compromise intestinal barrier function and, thereby, induce intestinal hyper-
permeability (19, 36), an extended evaluation of TEER was conducted in parasite 
exposed Caco-2 cell-macrophage co-cultures over a 13 day time-course.  Baseline TEER 
readings were obtained for each experiment at 3 days post-plating in the co-culture prior 
to the addition of Giardia trophozoites (termed day 0).  Our data indicate that at 3 days in 
culture, the Caco-2 cells have formed tight junctions as TEER values exceed 250 ohms • 
cm2 (data not shown), which has been previously reported as appropriate value to indicate 
tight junction formation in the cell line (35).  A slight drop in TEER was observed at day 
1 in both control and Giardia-treated inserts, which can perhaps be attributed to changing 
the growth medium from 100% DMEM to the co-culture media mix of 90% DMEM/ 
10% Giardia medium.  By day 5, control inserts have returned to basal TEER levels with 
resistance continuing to increase above baseline readings starting at day 7 (Figure 1).  
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Conversely, Giardia treated Caco-2 cells remain below baseline TEER readings 
throughout the 13 day time course indicating tight-junction disruption occurs early in 





Figure 1. Giardia decreases transepithelial electrical resistance (TEER) in Caco-2 
cell-macrophage co-cultures. Caco-2 cells and IC-21 macrophages were co-cultured for 
three days prior to the addition of combination media (90% DMEM/ 10% Giardia media) 
alone for control inserts or combination media + Giardia (100,000 parasites/insert).  
Before combination media or parasites were added, a baseline TEER value was obtained 
(termed day 0).  TEER readings were obtained for control co-cultures (without parasites) 
and Giardia treated inserts on the indicated days.  Data were normalized to the mean 
TEER value recorded at day 0.  Data are represented as the mean fold change over day 0 
TEER values ± SEM of 2-3 experiments performed in duplicate.  Differences between 
parasite-treated inserts and control inserts were considered significant at p ≤ 0.05.  (*, **, 
*** denotes a p-value of ≤ 0.05, 0.01, or 0.001, respectively) 
 





































Giardia disrupts ZO-1 localization in Caco-2 cells in a time-dependent manner. 
ZO-1 is a scaffolding protein of the tight-junction protein complexes that is 
required for proper assembly of transmembrane proteins (37).  Short-term in vitro studies 
have revealed relocalization of ZO-1 from apical tight-junction complexes to intracellular 
regions within 24 hours of Giardia treatment.  However, it is currently unknown how 
time and parasite density contribute to redistribution of ZO-1 in epithelial cells.  Using 
the developed long-term model, ZO-1 distribution in Caco-2 monolayers on transwell 
inserts was evaluated at the indicated time points using immunofluorescent confocal 
microscopy.  In an attempt to ascertain only the effect of Giardia on tight-junction 
structure, macrophages were omitted from this study as they have been found to alter 
epithelial tight junctions when grown in co-culture (38, 39).   
At day 1, ZO-1 was localized to the apical region in both control and Giardia 
inserts (Figure 2A).  The apical localization of ZO-1 is still evident at days 3 and 5 in 
control inserts as illustrated by the lateral view of the cell monolayer reconstructed from 
Z-stacks (Figure 2B).  Giardia-induced ZO-1 breakdown is observed at early as 3 days 
when there was a marked decrease in ZO-1 staining (Figure 2A).  This effect is further 
illustrated at day 5 in the monolayer side view where ZO-1 is found to localize 







Figure 2. ZO-1 localization is disrupted in Caco-2 cells exposed to Giardia. Caco-2 
cells were grown on PET membrane inserts for three days.  Combination media (90% 
DMEM/ 10% Giardia media) was added to control inserts with treated inserts receiving 
Giardia trophozoites (100,000 parasites/insert).  The localization of ZO-1 was assessed 
by confocal microscopy. A) Merged images of ZO-1(green) and DAPI (blue) staining in 
Caco-2 cells at 1, 3, and 5 days in both control and Giardia-treated inserts.  The scale bar 
in the Giardia 5 day image is equivalent to 10 µm.  B) Side view of the epithelial cell 
monolayer reconstructed from Z-stacks of Caco-2 cells alone or Giardia-treated Caco-2 




Giardia conditioned medium fails to induce prolonged activation of macrophage 
signaling pathways 
The mitogen-activated protein kinase (MAPKs) family, which includes 
extracellular signal-regulated kinase (ERK), c-Jun amino-terminal kinase (JNK), and p38, 
are stimulated in macrophages upon binding of growth factors, pathogen-associated 
molecules, or cytokines to specific receptors located on the cell surface. MAPK 
activation in macrophages is context specific and can lead to diverse downstream events, 
such cell proliferation, differentiation, or activation (reviewed in 40).  During 
inflammatory events, such as pathogenic infection, activation of MAPK signaling 
pathways are instrumental in propagating the macrophage immune response by inducing 
pro-inflammatory cytokine production (41) and iNOS expression (42).  AKT activity, on 
the other hand, has been implicated as both a negative regulator (43, 44) and an inducer 
of inflammatory signaling (45).  Following intestinal epithelial barrier disturbance in 
giardiasis, luminal contents, including Giardia soluble proteins, invade underlying 
mucosal tissue.  In an attempt to characterize the effect of parasite-derived secretory-
excretory products (ESPs) on macrophage activation, naïve IC-21 macrophages were 
stimulated with parasite conditioned medium.  The medium was collected from the apical 
compartment of the co-culture model at 5 days when parasite density peaks (1).  The 
subsequent activation of the MAPKs (ERK, p38, and JNK) and AKT was assessed at the 
times indicated. 
In response to parasite conditioned medium, neither ERK nor JNK were 
significantly activated in macrophages when compared to control conditioned medium of 
Caco-2 cells without Giardia.  AKT showed a rapid activation at 5 minutes of 
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stimulation, but quickly returned to basal levels within 15 minutes with the increase of 
AKT at 30 minutes not statistically significant (Figure 3).  There was an increase in p38 





Figure 3. Activation of MAPKs and AKT induced by Giardia conditioned medium 
(CM) in IC-21 macrophages.  Co-cultures of Caco-2 cells and IC-21 macrophages were 
incubated with either combination media (90% DMEM/ 10% Giardia medium) alone 
(control) or combination media with Giardia for 5 days. The culture conditioned medium 
was collected from the apical compartment of Caco-2 cell-macrophage co-cultures in the 
presence and absence of Giardia parasites.  IC-21 macrophages were treated with co-
culture Caco-2 cell CM (control) or co-culture Caco-2 cell + Giardia CM.  The activation 
of the MAPKs (ERK, p38, and JNK) and AKT were evaluated by phospho-specific cell-
based ELISA (PACE) assays.  Data are graphed as the mean fold change in cell 
activation with Giardia conditioned medium over control (no parasites) ± SEM of 3 
experiments assayed in triplicate.  P-values ≤ 0.05 were considered significant.  (* 
denotes a p value ≤ 0.05, *** indicates a p value < 0.001)   
 

































Giardia-derived ESPs suppress macrophage pro-inflammatory signaling molecules. 
As parasite conditioned medium produced only modest activation of signaling 
pathways, the ability of Giardia conditioned medium to inhibit pro-inflammatory 
signaling was evaluated.  Host immune suppression has been previously suggested during 
giardia infections (27, 28).  To explore the potential of Giardia-derived soluble proteins 
to influence lamina propria macrophage activation, naïve IC-21 macrophages were 
exposed to parasite conditioned medium.  Following pre-treatment with parasite ESPs, 
macrophages were challenged with either heat-treated S. aureus or E. coli to induce 
activation of TLR2 and TLR4 (46, 47), respectively.  TLR stimulation was evaluated by 
measuring the time-dependent activation of IRAK-4, which is indispensable for TLR 
signaling responses (48) (Figure 4).  
Our data suggest that parasite-derived soluble proteins do not modulate 
inflammatory signaling in macrophages through TLR2.  There is no change in S. aureus 
stimulated IRAK-4 activity in the presence of parasite conditioned medium when 
compared to control medium (Figure 5).  However, using E. coli as a TLR4 agonist, 
parasite ESPs significantly inhibited activation of IRAK-4.  Inhibition was observed 
within 60 minutes of E. coli stimulation and is significant at 90 minutes (Figure 6A).  To 
ensure that the parasite mediated inhibition was indeed occurring through TLR4, IRAK-4 
activation was also evaluated using a purified TLR4 ligand, lipopolysaccharide (LPS).  
Decreased IRAK-4 activity in the presence of parasite conditioned medium was also 
observed with LPS (Figure 6B).  This reduction in IRAK-4 activity followed the same 






Figure 4. Toll-like receptor (TLR) signaling cascade. TLRs recognize conserved 
molecules on bacterial surfaces.  TLR2 recognizes gram-positive bacteria (S. aureus) 
while TLR4 is involved in responses to gram-negative bacteria (E. coli).  Receptor 
stimulation leads to dimerization of TLRs at the cell surface with TLR2 forming a 
heterodimer with either TLR1 or TLR6 and TLR4 homodimerizing.  IL-1 receptor-
associated kinase-1, -2, and -4 (IRAK-1, -2, -4) are recruited to the activated receptor.  
These kinases activate downstream mitogen-activated protein kinases (MAPKs), ERK, 
p38, and JNK.  The downstream targets of activated MAPKs, such as secretion of pro-
inflammatory cytokines, are essential for mobilization of the host immune response 






Figure 5. Effect of Giardia conditioned medium (CM) on TLR2-dependent IRAK-4 
activation in IC-21 macrophages stimulated with Staphylococcus aureus.  Co-cultures 
of Caco-2 cells and macrophages were incubated with and without Giardia in 90% 
DMEM/ 10% Giardia media for 5 days.  Conditioned medium (CM) was collected from 
the apical compartment of the co-cultures and centrifuged to remove parasites.  Naïve IC-
21 macrophages were pretreated with Caco-2 cell conditioned medium (control; Caco 
CM) or Caco-2 cell + Giardia conditioned medium (Giardia CM) for 30 minutes.  TLR2 
was stimulated using heat-treated Staphylooccus aureus (S.a.) (108 bacteria/ml) while 
unstimulated cells received RPMI.  The subsequent activation of IRAK-4 was measured 
by phospho-specific cell-based ELISA (PACE) assays at the indicated times.  Data are 
presented as the fold change over control (Caco CM) ± SEM of three experiments 
assayed in triplicate.  There were no significant differences between Caco CM and 








Figure 6. Effect of Giardia conditioned medium (CM) on TLR4-dependent IRAK-4 
activation in IC-21 macrophages exposed to Escherichia coli or LPS .  Caco-2 cells 
and macrophages were co-cultured with and without Giardia trophozoites for 5 days.  
Culture conditioned medium (CM) was pooled from the apical compartments and 
centrifuged to remove parasites.  Naïve IC-21 macrophages were pretreated with co-
culture Caco-2 cell conditioned medium (control; Caco CM) or co-culture Caco-2 cell + 
Giardia conditioned medium (Giardia CM) for 30 minutes. Heat-treated Escherichia coli 
(E.c.) (108 bacteria/ml) (A) or LPS (10 ng/ml) (B) were used to stimulate TLR4.  Cells 
not stimulated with E. coli or LPS were treated with RPMI as a control.  The subsequent 
activation of IRAK-4 was measured over 120 minutes by phospho-specific cell-based 
ELISA (PACE) assays.  Data are presented as the fold change over control (Caco CM) ± 
SEM of four experiments assayed in triplicate. Data were considered significant when p ≤ 
0.05. (*** indicates p < 0.001, * indicates that p ≤  0.05) 
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Pathogen recognition by TLRs leads to downstream activation of two major 
signaling pathways, nuclear factor-kB (NF-kB) and the MAPKs (Figure 4) (reviewed in 
32). In macrophages, MAPK activity is required for induction of pro-inflammatory 
cytokine secretion in response to protozoan parasites (49).  To further explore Giardia-
induced immune suppression, the activation of the MAPKs, p38 and JNK, were evaluated 
using parasite conditioned medium.  As modulation of IRAK-4 was established to be 
TLR4 specific, E. coli was used to initiate pro-inflammatory responses in macrophages.  
Both p38 and JNK activation were diminished in the presence of Giardia products when 
compared to control medium.  Inhibition of p38 is obvious at 30 minutes following E. 
coli stimulation and is significant at 90 minutes (Figure 7A).  Alteration of JNK activity 
follows slightly different kinetics with inhibition starting at 90 minutes with significant 






Figure 7, Giardia conditioned medium (CM) inhibits MAPK activation in 
Escherichia coli activated macrophages.  Conditioned medium was collected at 5 days 
from Caco-2 cell-macrophage co-cultures both in the presence and absence of Giardia. 
IC-21 macrophages were pretreated with co-culture Caco-2 cell conditioned medium 
(control) (Caco CM) or co-culture Caco-2 cell + Giardia conditioned medium (Giardia 
CM) for 30 minutes.  Heat-treated Escherichia coli (E.c.) (108 bacteria/ml) was used to 
activate macrophage inflammatory signaling pathways while unstimulated cells received 
only RPMI.  The subsequent activation of p38 (A) and JNK (B) was measured over 120 
minutes using phospho-specific cell-based ELISA (PACE) assays.  Data are graphed as 
the fold change over control of 3-4 experiments assayed in triplicate. Date were 







Using a long-term model of Giardia-host interactions developed in our lab (1), we 
were able to conduct a longitudinal study of epithelial barrier dysfunction observed 
during Giardia infections.  We show that ZO-1 apical localization is not altered at day 1, 
but by days 3-5, which is the period of highest parasite density, both transepithelial 
electrical resistance and ZO-1 localization are strongly impacted.  Previously, disruption 
of tight-junctions was shown to occur in 24 hours or less in in vitro studies using higher 
parasite multiplicities of infection (17, 18).  Together, these data suggest that overall 
parasite density may contribute to the decline in the epithelial barrier function.  Indeed, 
this would simulate in vivo infections, where parasite colonization occurs within hours, 
but peak parasite numbers and pathology was not typically observed until days after 
infection initiation (reviewed in 50). 
Following barrier disruption, invasion of luminal contents, including food 
antigens and commensal microbes, into mucosal tissue induces pronounced inflammation 
in other enteric infections (Reviewed in 51) and has been implicated in intestinal 
inflammatory diseases (52, 53).  Small-intestinal bacterial overgrowth (54, 55) and 
persistent bacterial translocation from the intestinal lumen into host tissues has been 
described during Giardia infections (20).  Additionally, post-infectious irritable bowel 
disease susceptibility is increased following Giardia clearance (56, 57) suggesting that 
barrier dysfunction elicits consequent immune activation.  Nonetheless, for reasons yet to 
be fully described, Giardia does not induce intestinal inflammation indicating the parasite 
is capable of immune-suppression.  Indeed, Giardia conditioned medium alone caused 
only modest p38 and AKT activation.  In fact, our data suggest that Giardia excretory-
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secretory proteins can block pro-inflammatory signaling mediators in macrophages.  
Since resident macrophages of the intestine are generally considered hyporesponsive to 
TLR signaling (58, 59), curbing TLR activation in lamina propria macrophages may not 
contribute greatly to Giardia pathogenesis; however, controlling the inflammatory 
effector functions of newly recruited monocytes to the intestinal mucosa, which have not 
yet assumed an anergic phenotype, may be extremely important for parasite persistence 
in the host.    
To investigate the mechanisms of immune suppression, we elected to employ 
heat-treated bacteria as opposed to purified TLR ligands to initiate pro-inflammatory 
signaling in macrophages.  This approach better reflects in vivo conditions where the 
translocation of whole bacteria and Giardia soluble factors are occurring simultaneously.  
Both E. coli and S. aureus have been identified as commensal microbes of the small 
intestine (60).  The data indicate that suppression of IRAK-4 activity occurs through 
TLR4, but not TLR2.  The specific inhibition of TLR4 may be advantageous for the 
parasite as TLR4 activation has the potential to induce higher levels of inflammation 
when compared to other TLRs (61).  On the other hand, TLR2 stimulation in mucosal 
tissues has a protective function (62) and can produce copious amounts of the anti-
inflammatory cytokine, IL-10, which can further convey an environment of immune 
tolerance (63).  Certainly the role of TLR2 in giardiasis remains to be clarified as studies 
have yielded both an inhibition and enhancement of dendritic cell function in the 
presence of Giardia (27, 28).  
With regards to TLR4, our work is in accordance with previous studies using 
dendritic cells and, for the first time, we show that similar immune-suppression ensues in 
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macrophages.  By evaluating the activation IRAK-4, we can conclude that signal cascade 
disruption is occurring either before or at the level of IRAK-4.  The exact mechanisms of 
TLR4 inhibition are yet to be fully elucidated, such as possible protein cleavage or 
decreased expression of TLR4 or its associated co-receptors, MD-2 and CD14.  Also, the 
exact signaling pathways leading to the observed decrease in p38 and JNK activation 
needs to be ascertained.  Besides receiving input from the TLRs, the MAPKs receive 
signals from many pathways, including cytokine receptors (64) and other pathogen-
recognition receptors, such as the NOD-like receptors (65).  Future work may highlight 
additional pathways by which these pro-inflammatory kinases are being impacted during 
Giardia infections.   
The ability of Giardia excretory-secretory products to directly control 
macrophage immune functions is a novel finding of our studies.  This suggests that 
barrier dysfunction during giardiasis may aid the parasite in evasion of host immunity 
and clearance by allowing Giardia proteins to translocate into underlying host tissues.  
Additional work could reveal the exact protein(s) responsible for inhibition of 
inflammatory signaling cascades.  It would be interesting to determine if Giardia cysteine 
proteases are involved in modulation of macrophage signaling.  These proteases are 
responsible for alteration of inflammatory effecter functions in other parasitic infections 
(reviewed in 66) and they have already been implicated in cytokine cleavage during 
Giardia infections (31).    
It is noteworthy to comment that host immune-suppression by Giardia may be 
assemblage specific.  Variations in the excretory-secretory protein profiles among 
Giardia isolates (67) as well as differences in the ability of assemblage-specific proteins 
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to induce cellular immunity (30) have been reported.  In fact, there is mounting evidence 
indicating that assemblages A and B are distinct species (68).  As assemblage B ESPs 
have been implicated in pro-inflammatory responses (69), the suppressive effect of 
Giardia-derived ESPs on macrophages may be restricted to assemblage A isolates.  
Future work could serve to identify assemblage-specific interactions with host immune 
cells that ultimately lead to variations in parasite pathogenicity and disease outcomes.   
In conclusion, our studies highlight the time-dependent result of epithelial barrier 
disruption associated with Giardia, which we speculate is due to increased parasite 
number.  We also propose a mechanism by which increased intestinal permeability may 
increase the pathogenicity of Giardia.  The translocation of Giardia-derived products into 
host mucosal tissue can affect the ability of macrophages to respond to stimuli and, thus, 
mount the appropriate immune response.  By thwarting immune activation, Giardia can 
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The parasitic protozoan, Giardia lamblia, is a leading cause of pathogen-induced 
diarrheal disease throughout the world.  Within the species, assemblages A and B infect a 
range of mammals, including humans, domestic livestock, companion animals, and 
wildlife (1, 2).  The parasite inhibits the proximal small intestine by attaching to the 
epithelium.  Upon host colonization, Giardia induces pathological alterations of the 
intestinal epithelium by increasing enterocyte apoptosis (3, 4), microvillus shortening (5, 
6), and disrupting cell-cell junctions (7,8, 9).  Collectively, these changes are associated 
with nutrient malabsorption and increased intestinal permeability, thereby, promoting the 
translocation of luminal contents into the mucosa.  Currently, the mechanism(s) leading 
to barrier dysfunction have not been fully established.  Moreover, the consequent effect 
of luminal antigen translocation on immune cells in the lamina propria is largely 
unexplored during Giardia infections.   
In Chapter 2, we detailed a new in vitro model for studying long-term Giardia-
host interactions.  This model will provide a useful tool for evaluating how Giardia-
induced pathology may vary over time from initial pathogen colonization to peak parasite 
infection.  Additionally, the use of epithelial cell-macrophage co-cultures will allow for 
assessing the crosstalk between epithelial cells and lamina propria immune cells during 
infections.  Our studies illustrate that epithelial cells secrete different cytokines when 
cultured with macrophages, and that Giardia is capable of suppressing the secretion of 
cytokines from epithelial cells.   
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Using the epithelial cell-macrophage co-culture, we conducted a protracted 
analysis of epithelial barrier dysfunction associated with Giardia.  Our data suggest that 
barrier function, as measured by apoptosis, transepithelial resistance, and tight-junction 
integrity, is strongly impacted by day 5 when parasites have reached a threshold density.  
All parameters of barrier measurement showed no change when compared to controls at 
day 1 of Giardia interaction indicating that barrier disruption may be attributed to 
parasite number.   
In Chapter 3, we evaluated how Giardia-derived excretory- secretory products 
(ESPs) that invade host tissue following barrier disruption could influence macrophage 
activation.  Our work demonstrates that parasite ESPs can decrease the activation of pro-
inflammatory signaling molecules, IRAK-4, p38, and JNK, in E. coli stimulated 
macrophages in vitro.  The translocation of Giardia soluble factors into the lamina 
propria may aid the parasite in host immune evasion and clearance by limiting the 
mobilization of inflammatory activities.   
Collectively, the data in this dissertation may aid in elucidating the cellular 
mechanisms of giardiasis.  All of these data are specific to the Giardia assemblage A 
isolate WB clone C6.  Future work would reveal assemblage-specific interactions that 
ultimately lead to variations in disease manifestation, parasite clearance, and 
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Figure 1: c-Jun amino-terminal kinase (JNK) antibody titer in Caco-2 cells. Caco2 
cells were plated at 100,000 cells/ml in 96-well plates and grown to confluence.  Cells 
were serum-starved overnight and then treated with D-sorbitol (300 mM) or DMEM 





Figure 2: p38 antibody titer in Caco-2 cells. Caco2 cells were plated at 100,000 
cells/ml in 96-well plates and grown to confluence.  Cells were serum-starved overnight 
and then treated with D-sorbitol (300 mM) or DMEM (control) for 15 minutes.  







Figure 3: AKT antibody titer in Caco-2 cells. Caco2 cells were plated at 100,000 
cells/ml in 96-well plates and grown to confluence.  Cells were serum-starved overnight 
and then treated with epidermal growth factor (EGF) (100 ng/ml) or DMEM (control) for 







Figure 4: IL-1 receptor-associated kinase-4 (IRAK-4) antibody titer in IC-21 cells. 
IC-21 cells were plated at 200,000 cells/ml in 96-well plates and grown to confluence.  
Cells were serum-starved overnight and then treated with lipopolysaccharide (LPS) (1 














Figure 1: Activity of stress-induced and pro-survival signaling pathways in Caco-2 
cells exposed to Giardia in the co-culture model over 21 days.  Caco-2 cells and 
macrophages were plated in the co-culture model as previously described (Chapter 2).  
Either Giardia trophozoites (100,000 parasites/insert) or media alone (control) were 
added to the cultures.  Stress response (p38) and pro-survival (AKT) signal activation in 
Caco-2 cells were measured at the indicated time points by PACE assay.  Data are 
represented as the fold change in Giardia treated inserts over control (no parasites) of 
three experiments assayed in duplicate. (AKT: p = 0.4396; p38: p = 0.0571)  
 
  
























Blind-well Cell Migration Assays 
Macrophage migration was evaluated using blind well chemotaxis chambers 
(Neuro Probe; catalog number BW25-200L).  Chemotactic agents (30 µl) were loaded in 
the bottom well of the chamber. Serum-free RPMI was used to assess basal migration 
while platelet-derived growth factor (PDGF) (100 ng/ml) was utilized as a positive 
control.  To assess the chemotactic potential of Giardia conditioned medium, co-culture 
Caco-2 cell conditioned medium (- Giardia) (Caco CM) and co-culture Caco-2 cell + 
Giardia conditioned medium (Giardia CM) were also placed in the bottom chamber 
(Figure 1A).  An 8 µm polycarbonate membrane was placed over the bottom well and the 
top portion was tightly screwed onto the bottom chamber.  IC-21 macrophages (100 µl; 
200,000 cells/ml) were loaded into the top chamber.  For migration inhibition studies, 
PDGF was applied to the bottom chamber as the chemotactic agent.  IC-21 macrophages 
were resuspended in serum-free RPMI, Caco-2 cell conditioned medium (PDGF + Caco 
CM), or Caco-2 cell + Giardia conditioned medium (PDGF + Giardia CM) and added to 
the top well (Figure 1B). Each chamber was placed at 37 °C for 4 hours.  After 
incubation, the cell suspension was removed from the top well with a pipette, the two 
chambers were unscrewed, and the residual liquid on the membrane carefully swabbed 
off the upper surface of the membrane.  Using forceps, the membranes were inverted into 
6-well dishes and fixed with 100% methanol for 15 minutes.  Cells were rinsed with di-
water and stained using Mayer’s hematoxylin for 15 minutes.  After 3 washes with di-
water, the membranes were placed on glass slides and mounted with a cover slip using 
immersion oil.  Cells were counted in five random high-power (40x) fields using the 





Figure 1: Effect of Giardia conditioned medium (CM) on IC-21 macrophage 
chemotaxis.  Conditioned medium was collected from the apical compartment of the 
Caco-2 cell-macrophage co-cultures as previously described (Chapter 3).  Migration 
assays were conducted using blind-well chemotaxis chambers to assess the impact of 
Giardia conditioned medium on macrophage migration.  (A) Giardia conditioned 
medium does not induce macrophage migration.  Co-culture Caco-2 cell conditioned 
medium (+/- Giardia) was loaded into the bottom of the chamber.  There was no 
significant increase in the number of macrophages migrating when compared to control 
(RPMI).  (B) Giardia conditioned medium does not significantly inhibit macrophage 
migration.  PDGF was loaded into the bottom of the chamber.  Macrophages resuspended 
in the conditioned medium were applied to the top well.  The number of macrophages 
migrating towards a chemotactic stimulus (PDGF) was not significantly altered in the 
presence of Giardia conditioned medium when compared to stimulated migration using 
PDGF.  The mean number of cells migrating was determined from 5 random counts and 
graphed as the percent change over basal (RPMI) ± SEM of 3 independent experiments. 
(* indicates p ≤ 0.05) 
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